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I
DESIGN OF A SUPPRESSIVE STRUCTURE FOR A

MELT LOADING OPERATION*

by

P. A. Cox
E. D. Esparza

Southwest Research Institute
San Antonio, Texas

ABSTRACT

This paper discusses the present design and analysis of a suppressive
structure for a melt loading operation having a capacity of Z500 lb of high
explosive. The primary purpose of a supressive structure is to reduce the
required spacing of facilities which contain and process high-explosives by
reducing the overpressure outside of the structure and controlling the frag-
ments from an internal explosion.

A development program is being supponed by the Edgewood Arsenal
to establish the technology for designing suppressive structures so that they
can be routinely applied to explosive processing operations. This program
is divided into several phases which will culminate in a full scale design and
te st.

Design loads for the structure include those due to the internal blast
wave plus those due to the long term pressure buildup in the structure gen-
erated by the heat of explosion. Appropriate methods of analyses were used
to assess the effect of both the dynamic and quasi-static loads in the struc-
tural design. The design was also influenced by the fragmentation require-
ments which often controlled structural sizing rather than blast loading,

The suppressive structure consists oi a structural steel frame to
which vented steel panels are attached. Several panel concepts were de-
veloped and designed for the full scale structure. These panels will be
tested in full scale against simulated primary fragments. Blast attenuation
tests will also be conducted using subscale panels to determine venting
character)stics. In addition, a one-quarter scale replica model structure

Work performed under Contract DAAD05-74-C-0751 with Army Materiel
Systems Analysis Agency. Aberdeen Proving Ground. Maryland.
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will be tested to obtain additional information on venting and on the structural
integrity of the frame and panels. The present quarter-scale frame design
is presented in this paper. All venting and structural data obtained in these
tests will be used to design the full scale prototype. Its venting characteris-
tics, fragment suppression capabilities, and structuial integrity will then be
verified by full scale testing.

INTRODUCTION

Hazards produced by accidental explosions within facilities that con-
tain and process high explosives have concerned safety engineers for many
years. One obvious way to reduce the hazards is to separate such facilities
as far apart as possible to avoid the potential for propagation of such an ex-
plosion and also to place the facilities as far away from populated areas or
other nonrelated operations as possible. Another approach, which is the
subject of this paper, is to use a suppressive structure to contain the fragments
and suppress the air blast wave from the detonation in order to reduce the
required spacing to a minimum. This paper represents a progress report
on the design and analysis of a structure to contain the fragments and sup-
press the air blaat from the detonation of 2500 lb of Composition-B explosive
being processed in a melt kettle.

The technology for vented suppressive structures has not yet reached
the stage where the design is a straightforward process. Most of the develop-
ment to date has taken place at the NASA National Space Technology
Laboratories (NSTL) and has been for the containment of relatively small
explosive charges. (1, 2, 3)*

To establish the technoligy for the design of suppressive structures,
development programs are being conducted to determine acceptable panel
configurations and frame designs to defeat the fragment hazard and to reduce
the air blast to acceptable levels. The present program, supported by the
Edgewood Arsenal, will develop the technology for suppressive structures so
that they can be ruutlnely applied to explosive processing operations.

This particular development program is for the Category I shield and
represents the probable upper limit in charge weight for which suppressive
structures will be designed. The program is divided into several phases
which will culminate in a full-scale design and test. The phases are:

Superscript numbers denote references included at the end of the paper.
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Fragment Hazard Evaluation

This evaluation will consist of two subphases: (1) a
melt kettle fragment analysis whereby the worst case frag-
ment from a melt kettle is determined by actual tests, and
(2) panel penetration tests 'whereby simulated full-scale
primary fragments are fired at full scale panel components.

Blast Hazards Analysis

In the blast hazards analysis the venting character-
istics of the panels will be investigated in order to determine
qualitative comparisons between candidate panels. In addi-
tion, a one-quarter scale replica of a full-scale prototype
structure will be designed and tested. This test will provide
information no only on the venting characteristics of the
panels but also on the structural integrity of the frame and
panels.

Full -Scale Prototvye Design and Test

Information from the fragment hazard evaluation and
blast hazards analysis, including the structural information
from the quarter-scale tests, will be used to design the full-
scale prototype. Its venting characteristics, fragment
suppression capabilities and structural integrity will then be
verified by testing.

As related to the development program, this paper describes the
panel concepts which will be evaluate in the fragment hazard evaluation
and blast hazard analysis, as well as the frame which will be evaluated
in the quarter scale testing.

DESIGN REQUIREMENTS

Primary requirements for a suppressive structure designed for a
melt loading operation having a capacity of 2500 lb of high explosives are:

(1) Maintain structural integrity for a charge weight of 3125 lb,
thus ensuring a margin of safety of 25% based on charged
weight.

(2) Contain all primary fragments within the structure. Refer-
ence 4 translates this requirement into a 16-oz fragment
with a velocity of 7200 fps.

795



(3) Reduce the side-on overpressure outside the structure
to 5 psi at a distance of 75 ft from the center of a 2500-lb
high explosive charge.

(4) Floor area of approximately 40 ft by 40 ft with an internal
volume of about 64, 000 ft 3 .

(5) Incorporate to the extent possible existing technology and
test results of past suppressive structure designs.

DESIGN APPROACH

Many concepts were considered in the design of this suppressive
structure. The most obvious design configuration for a structure which is
to contain internal pressure is either spherical or cylindrical. Although
such configurations result in much more efficient structures for resisting
the internal blast loading, it so happens that the steel thickness In the
walls of the structure reqxeired t defeat the primary fragment are much
greater than the thickness required to resist the blast loading. In addition,
venting the wlls of curved cylinders and spheres significantly complicates
construction over that for a straight sided rectangular box. After con-
sidering the alternatives, the following guidelines were established to define
the design approach for this sappretive structure.

Structure would be square or rectangular in shape

All steel construction would be used for both panels and
framse. Also, frame members which form the sides and
the roof of the structure would continue through the floor
to complete the rectangular box.

Maximum venting would be designed into the walle and roof
of the structure consistent with the external overpressure
requirements.

The structure would be designed to have a centrl charge
location which would result in an intermediate vented steel
grid floor.

In order to reduce structural weight to a minimum, exten-
sive plastic deformation of both panels and frame is allowed.

Following these guidelines, several panel concepts were developed and a
one-quarter scale replica of the prototype frame developed for the quarter-
scale testing.
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PANEL CONCEPTS

Four different panel designs were formulated using standard struc-

tural angles, perforated plates and tubes. All four panels were designed

for the full-scale prototype structure. Since quarter-scale tests will

first be conducted, the panels tested will be replica models of those pre-

sented here. For this type of model, pressure, stress and strain levels

are the same as in the prototype; length and time become 1/4 the value; and the

charge weight required to produce these analogous conditions is (1/4) 3 times

the prototype charge weight. Furthermore, any nondimensional parameters,

such as the vented area ratio, remain the same in the model as in the proto-

type.

In designing the panels. an effective venting area ratio was first

computed to provide the required side-on overpressure reduction. Using

the equation ( 5 )

eff =  3X

(976. 3 )2 WT/ 3

where

PI CC 5 psig X = 40ft

R = 75 ft W = 2500 lb

the effective verging ratio, lei, needed is 0. 013. From this, the venting

ratio, mi. of each element in a panel is computed by assuming that ( S

N

II * .N = number of elements (2)

i=|I

In each element, a is defined as the ratio of open area divided by the total area
of the wall.

To defe&4t the primary fragment threat using four spaced plates requires

a total thickness of 2. 35 in. of steel. (4, 6) All the panels were therefore de-

signed such that eacn configuration would provide at least tour spaced plates
with the necesstry total steel tlR.kness. Each gcometry was then checked to

ensure that the dynamic and quasi-static blast loads were also contained.

Since the *structure is to be designed to contain the detonation of 312 llb of

explosive. the dynamic design loads, the reflected impulse and pressure.

were determined from data by Goodman(?) to be 2. 43 psi-sec and 4057 psi,

respectively. The quasi-static design load was determined by computing

the charge weight to structure volume ratio and using the methods presented
by Baker and WestlneM5 ) . Since the effective venting of the structure is

very smaL, the quasi-static pressure rise of 165 psig for an unvented en-

closure is used.
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The first panel design (Figure 1) uses a set of angles spaced so
that the specific impulse can be assumed to be absorbed and dispersed by
the angles and the perforated plates need only be sufficient to withstand the
quasi-static pressure. Since the angles are spaced to provide about a 30%
vent area, the quasi-static pressure does not load them.

t t.is case. the angles provide the majority of the material thickness
required to stop the primary fragments. Using this criterion, several
angles were selected and checked 4gainst the dynamic loading using the
following equation:9

b L (3)
r ID o

where
ir = 2.43 psi-sec w o = 0. 15 L (in)
b = angle spacing (in) A = cross-section area (in )
L = 116 in z 0. 283/386 lb-secZ/in 4

From these results. 3-1/2 x 3-112 x 1/2 angles were selected.

Two perforated plates were sized to back the angles and contain the
quasi-static pressure by allowing the plates to develop unzaxial membrane
action as well as bending. From( 8 )

A
"lax x 3 + 4 ,o (4)
yh4 4

where

Pmax 165 psl L = 116 in
X 58 in wow 0.15L
:y = 36. 000 psi

the thicimess of each plate was computed to be 9116 in. allowing for the
perforations.

The second panel design (Figure 2) is similar to the first. However,
in this case, the size and spacing of the angles were chosen such that the
required material is distributed between the angles and plates. Furthermore.
the vent area of the angles is larger than on the first configuration so that
it can be assumed that the pla'es will also be loaded dynamically. After
some selective computations using Eq. (2). 5 x 5 x 3/4 angles were chosen
for this panel.

In sizing the plates, both the dynamic and quasi-static loadings were
considered. For the dynamic loading, the following equation was used to
determine the total plate thickness allowing uniaxial membrane and bending
action18 )
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Full Scale 1/4 - Scale
Angles L 3-1/2 x 3-1/2 x/2 L 718 x 718 x )/3
Angle Spacing b 1 1. 24 in b - 0.31
Plates 9116 in 9/64 - 10 Ga
Holes 112 in Diameter 1/8 in Diameter
Hole Spacing 2.7 in 0.675 in

Figure 1. Panel Concept 1
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K Full Scale 1/4 - Scale
Angles L 5 xx3/4 L 1-1/4x-1/4 x 3/16
Angle Spacing b - 2.71 in b - 0.678
Plates 5/8 in 5/32 in = 3/16 in
Holes 1/2 in Diameter 1/8 in Diameter
Hole Spacing 2.19 in 0.548 in

Figure 2. Panel Concept 2
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2 2
j Xr 2 1wo + 32Z o

aOh hVF 5 T 5P y

Arbitrarily selecting three plates to back the angles, a plate thicknes of
5/8 in. was computed. Since the total plate thickness requited using Eq.
(4) is greater than that for Eq. (3) (quasi-static), the impulsive load
governs in this case.

Having sized the plates, a check was made to determine if suffi-
cient material wau available to defeat the primary fragment threat.
Since the angles provide 1 in. of steel and the plates 1-7/8 in., the frag-
ment criteria have been met.

For the third panel design (Figure 3), a set of four perforated
plates are used to contain the primary fragments, as well as to carry
the total air blast loading. Since a total thickness of 2.35 in. of steel
is required to meet the primary fragment threat, each plate should be
one-fourth the total thickness plus the thickness required to account for
the vented area. Each plate was computed to be 11/16 in. thick. From
Eqs. (3) and (4), the plate thicknesses required to carry the quasi-static
and dynamic loads are less than those needed against the primary frag-
ments. Therefore, the four perforated plates will be more than adequate
against the blast loading.

The last panel design (Figure 4) we considered consists of tubes
in a staggered arrangement. The tubes were sized and spaced such that

a primary fragment would encounter at least 2. 5 in. of steel with four
effective layers as it traverses the panel. The spacing must also provide
the effective venting area ratio required.

In sizing the tubes, it became evident that this panel concept would
be the heaviest of the four as well as require considerably more fabrica-
tion time. Consequently, this design has been dropped from the testing
program.

PRELIMINARY DESIGN OF QUARTER-SCALE F'RAME

This section discusses the design of the frame for the quarter-
scale model which is to be tested in the Blast Hazards Evaluation Phase
of the development program. The frame was designed in quarter scale
for the loads which the quarter-scale model will experience. It could
just as easily have been designed in full scale and geometrically reduced
to model size except that, in quarter scale, stock structural mernbers
can be more readily aelected to aid in fabrication. Most, if not all, full-
scale members must be fuilt-up members.
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Full Scale 114 - Scale
Plates 11/16 in 11164 = 3/16 in
Holes 3/4 in Diameter 3/16 in Diameter
Hole Spacing 2.90 in 0. 725 in

Figure 3. Panel Concept 3
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b

Full Scale 1/4 - Scale
La ryeTubes 5 in OD, 3.5 in I D 1. 3 in OD, 0. 875 in I D
Small Tubes 3.5 in 0, 2.25 1 D 0. 875 In OD, 0. 56 In I D
Spacing b 5.6 in b a .4 in

Figure 4. Panel Concept 4
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According to Hopkinson's scaling, for scaled charge weights (3125
lb full scale and 50 lb quarter scale) quasi-static and dyanmic pressures
on the inside of the model will be identical to those of the full-scale struc-
ture. However, as pointed out earlier, time scales by the ratio of geo-
metric lengths and is thus reduced by a factor of four in quarter scale.
Hence, pressure loads on the design of the quarter-scale frame will be
the same as those used for the design of the panels (designed in full
scale), and the impulse will be reduced to one-fourth of the full-scale
value. Summarizing, the loads are:

Maximum quasi-static pressure: Pqs= 165 psi

Maximum reflected pressure from the blast wave:
Pr = 4057 psi

Maximum reflected specific impulse: i = 0.6 psi-sec

In the design of the frame, the following assumptions and guide-
lines were adhered to:

Although attenuation of the load on the frame due to the
panel response is possible for the dynamic loading, such
effects were neglected. For the quasi-static loading,
which has a very long duration relative to the response
time of the panels or frame, such attenuation is not
probable.

The maximum allowable deflection of the side members
was set as 0. 15 L (15% of the member's length).

A maximum strain in the material of 10% was allowed
for dynamic loading.

A maximum allowable tensile or compressive stress of
45, 000 psi was set for the quasi-static loading. This is
approximately midway between the minimum yield and
minimum ultimate tensile properties of the material and
will probably result in some deformation of the structure
and strain hardening in order to develop this strength

Strain rate effects on the material strength were ignored
since quasi-static loads governed the design.

The configuration developed for the frames is shown in Figure 5.
Intersecting box beams form the roof and floor of the structure, and ver-
tical members with no cross supports form the four sides. Box beams
weie chosen for the main structural elements in the frame for several
reasons:

304



I"

147"

6Ii
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Figure 5. jarter-Scale Frame



(1) The members are compact, which is essential for both
dynamic and plastic deformations.

(2) The experience with members of similar proportions in
Reference 2 showed good resistance to local buckling under
high plastic deformations.

(3) The section has a high shear strength t.. bending strength
ratio.

(4) Good support is provided for the panels by box beams
because the panel loads are transferred directly through
the webs of the box rather than through flanges as would
be the case for wide-flange beams.

Preliminary sizing of frame members was made using equations
developed by Westine and Baker ( 9 ) or derived following the same proce-
dures but using different deformed mode shape assumptions. A more
detailed analysis of the elastic-plastic deformatuons in the frame will
also be made using a finite element computer program. The equations
used for preliminary sizing of the frame are summarized below:

C lamped Beam

Deformed shape and strain equation:

16 w 0
wL (6)

max

L at ends (7)

Elastic behavior -impulsive load:

Ma = 2.236ib- ThT'
ma rV A at ends()

V = 13.417 1 b
max r

- ' oA at ends (9)
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Plastic behavior - impulsive load:
z 2

ir b L 24.64(wo(
pp Aef f  (10.)

Plastic behavior - quasi-static load:

P bL
2

qs = 23.09

Mp (I

Simply-Supported Beam

Deformed shape and strain equation:

0maxax

max n at center (13)

Elastic behavior - impulse load:
•_ ir b. WE A

.. max (14)

Vmax  r lb-,ME I

L V A15

Plastic behavior - impulsive load:
2 2

22b 12. 566 1w.
MP ff (16)

Plastic behavior - quasi-static load:

_- 9.87
M(17)
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where:

c distance to external fibers

w = lateral deflection in the beam at any point x

w o 0maximum center deflection

L beam length

Cmax maximum strain

Mmax =  maximum moment under impulsive loading for
elastic behavior

V max - maximum shear under impulsive loading for elastic
behavior

Mp fully plastic moment in the beam
ip

A beam cross-sectional area

El beam bending rigidity

b loaded width (approximately equal to the panel width)

p material density

A area of beam plus an effective area of the panel to
Aeff account for both panel and beam masses for dynamic

response calculations.

Loading terms of pressure and impulse have been defined previously. To
apply the equations for impulsive loading, w /L is computed from Eqs. (7)
or (13) for a maximum strain of 10% (w 0 /L is limited to 0. 15, maxitnum).
The required plastic moment, Mp. and effertive area, Aeff. are then
determined from Eqs. (10) or (16). For quasi-static loading Mp is deter-
mined from the force balauce in Equs. (11) or (' P.

Because the members in the frame are neither fully clamped nor
simply supported, calculations were performed for both conditions, and
judgment was applied to select a member which fit somewhere in between
the two extremes. Requirements for the frame me'nbers can be determined
from Eqs. (10) and (11) for clamped beams %nd from Eqs. (16) and (17) for
simply supported beams. These requirements are expressed in terms of
the plastic moment for the quasi-static loading, and in terms of the product
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of the plastic moment and the cross-sectional area for the dynamic loading.
In addition, the quasi-static shearing load at the ends of the members is
simply the product of the quasi-static pressure and the total panel area
which the member must support. Using the geometry of Figure 5, these
requirements for the vertical members in the sides of the structure are:

Clamped Beam

6
Quasi-static load: M= 3.91 x 10 lb-inp

V = Z97,000 lb

Impulsive loading: M A = 11.4 x 106 lb-in3

p

Simply-Supported Beam

Quasi-static loading: M = 9. 14 x 106 lb-in
p

V = 297, 000 lb

Impulsive loading: M A = 22.4 x 106 lb-in3

p

An 8 x 10-in. box beam with a i/2-in. wall and a 1/2-in. rein-
forcing plate across each 8-in. dimension (see Figure 6) was chosen as
the best structural component to satisfy the above requirements. For a
maximum allowable tensile stress of 45. 000 psi and a maximum shearing
stress of 30, 000 psi, * the beam develops the following properties:

M 4.51 x 106 lb-in

p

V 330, 000 lb

6 ,3
MpA 107.8 x 10 lb-tn

The requiremen't for the impulsive load, expressed as M A. is adequately
satisfied for both clamped and simply supported conditions. Also, the
quasi-static shearing load of the beam ends is satisfied where V has been
computed on the basis of uniform shear in the 10-in. webs (sides) of the
beam with a small portion of the 8-in. section assumed to be effective in
shear as well. Note that the plastic moment required for the quasi-static
loading falls somewhere in between that required for clamped and simply
supported beams. Even though the members in the roof have less bending
rigidity than the side beams (as will be explained shortay, the 8 x 10-in.
box beams without the reinforcing plates were used in the roof and floor).
the end condition is more nearly clamped than simply supported, and, for

* This stress is slightly less than the minimum ultimate shearing stress
(34,400 psi) computed as 60% of the minimum tensile strength of the material.
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8"1

10"0

7 It 1/j(TY P ICAL
(TYPICAL)

10-x 8 x 1/2 BOX

Figure 6. Cross-Section of Frame Vertical Members
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the preliminary selection, the plastic moment developed by the reinforced
box beam was judged to be adequate. Tensile stresses in the side members
were also checked and found to be small (approximately 8, 000 psi). Be-
cause of the uncertainty in the end conditions for the beam, which can
have a significant effect on the stresses, the effect of the axial load was
not considered in the preliminary selection of the beam properties. It
will, of course, be included in the more exact analysis.

The shearing stress in the beam under the impulsive loading has
not yet been addressed. It was computed on the basis of the maximum
curvature corresponding to the deflection which first produces an equiva-
lent fully plastic bending moment in the beam. This curvature is set by
the assumed deflection shape. Deep beams with high bending stiffness
were eliminated by this criterion, but it was not a factor for the compact
box section chosen. Equations (8), (9), (14) and (15) were used for these
calculations.

The roof members were sized based on an elastic distribution of
stresses in the grid of intersecting beauns. From this we estimated that
the bending strength of the members in the grid should be approximately
60% of that for the side members. This happens to be very close to the
strength of the 8 x 10-in. box member without reinforcing plates, and these
members were chosen for the roof and floor. The non-vented floor is
closed by a solid plate of 0.375-in. thickness designed to resist the loads
in membrane action in the same manner as for the vented panels.

The frame attachments for the membrane plate panels are such
that the inplane loads are transferred continuously through the panels to
the corner members of the frame. Details of the panel-to-panel and panel-
to-corner attachments are shown in Figure 7.

CLOSURE

In this paper, we have presented in the status of the design of a

suppressive structure which will first be tested in quarter-scale as part
of a program to build and test a prototype Category I supressive shield.
This current quarter-scale frame deaign will be scrutinized further before
it is finalized and tested. The work that is in progress towards this end is

(1) Possible panel redesign to fit the panels between the frame
members. The panels were initially designed for other
earlier frame concepts, and it is possible that modifications
can be made to reduce panel size and simplify field installation.

(2) Along this same line. the frame may be slightly modified
to simplify fabrication of the roof and floor. Figure 8 shows
a variation of the frame in which the beams in the roof and
floor would overlap instead of intersect.
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Figure 8. Modified Quarter Scale Frame



(3) Additional analyses will be performed on the frame as
soon as design modifications are finalized. Deforma-
tions and stresses will be computed for the governing
quasi-static loading at maximum charge weight. This
will be a static analysis including large deflections
and plastic strains. Elastic-plastic dynamic response
for the impulsive loading will perhaps be determined
also.

The panel and frame designs presented are just one phase in the
developmefit of the prototype structure. By conducting properly instru-
mented tests with the quarter-scale model we hope to improve the design
of the prototype. Also, a long range Applied Technology Program being
conducted by the Edgewood Arsenal should help fill in gaps in our know-
ledge concerning the fragment and blast threats, venting characteri -ics,
inter-panel pressures, etc., so that future suppressive structures can
in fact be routinely designed and applied to explosive processing oper:tions

8
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STRUCTURAL ANALYSIS OF CONTAINMENT STRUCTURES

Norris J. Huffington, Jr.
Struan R. Robertson

U.S. Army Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

ABSTRACT

As part of a study of the suppressive structure concept, analyses
of the large deflection, elastoplastic response of two configurations (a
hemispherical shell and a cylindrical shell with closed ends) subjected
to internal blast were performed. These blast and fragment containment
structures may be regarded as limiting cases of suppressive structures
and the results obtained are believed to constitute useful baseline data
for evaluating efficiency of suppressive structure designs. Suggestions
regarding more practical containmeht/suppressive structural configurations
are included.

INTRODUCTION

The concept of a suppressive structure entaiii the use of multi-
component panels which are supported by a relatively rigid bent-type
framework. The complete structure, consisting of framework plus panels,
is fabricated from commercial low carbon steel and forms an enclosure
surrounding the region where an accidental explosion may occur. The
panels consist of arrays of bar elements (angles, zees, etc.), perforated
plates, and louvred plates at various spacings. These panels are in-
tended to provide total containment of fragments and to permit a re-
stricted venting of the contained blast, resulting in a significant
decrease in external overpressures over what would be realized if no
suppressive structure were present. For an optimum design the entire
structure would experience limited elastoplastic deformation, thus
providing a sink for the released explosive energy.

Complete analytical modeling of the response of such a complex
structure would be extremely tedious and costly. However, such struc-
tures have been produced through a combination of approximate analytical
procedures and proof testing. In response to a request for more rig-
orous dynamics analysis it was decided to begin with an idealized
configuration which would be amenable to analysis by an existing large
deflection elastoplastic structural shell response computer program,
PETROS 3 (Ref. 1). This analytical tool would be'employed to design an
efficient closed (total containment) shell structure which would have
the same protective capacity as an existing suppressive structure which
was developed for application to an 81 mm mortar round automated
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assembly facility (Ref. 2). This suppressive structure is a welded
steel framework 20 feet long by 15 feet wide by 13 feet high having 4
feet by 12 feet wall panels and 4 feet square ceiling panels, the total
weight being 51000 pounds. The comparison between the total containment
and suppressive structural designs should be meaningful because the
suppressive structure, while not necessarily optimized, was certainly
not grossly overdesigned (a fragment nearly perforated an outer louvred
panel and the whole structure experienced appreciable permanent de-
formation).

ANALYSIS OF TOTAL CONTAINMENT STRUCTURE

Hemispherical Configuration

To achieve nearly homogeneous elastoplastic straining a hemispherical
configuration was selected, this to be bolted down to a horizontal rigid
foundation as shown in Figure 1. As was the case for the suppressive
structure of Ref. 2, this configuration must survive the simultaneous
detonation of two 81 mm mortar rounds. For simplicity in the analysis,
these rounds were located at a central point on the foundation so that
the blast loading is spherically symmetric. The mathematical problem
may now be posed as follows: For a shell thickness h determined by the

*

requirement for fragment containment , how small can the midsurface
radius R of the hemisphere be made without causing structural failure
due to blast loading?

In order to solve this problem it was necessary to formulate the
pressure pulse as a function of the radius R. Data for this formulation
are presented in Ref. 3. For a selected value of R the pressure ex-
perienced by the target is represented in the following manner. At the
arrival of the blast wave there is a jump to the peak reflected pres-
sure, followed by an exponential decay which is terminated when the
thermodynamic equilibrium pressure is reached corresponding to the
release of detonation energy and explosion products in a constant volume
process. Subsequent to this the pressure is taken to remain constant at
the equilibrium pressure. This loading pulse is illustrated in Figure 2
for the case R=5 feet.

The material was taken to be 1020 steel, which was represented in
the analysis as a strain hardening ffaterial with stress-strain proper-
ties modeled by the succession of linear segments shown in Figure 3.
Strain-rate effects were neglected, which should be conservative.

For this case, hWl inch of steel is sufficient, as discussed in
Ref. 3.
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The foregoing numerical quantities which have been discussed are
the only physical data input required for the PETROS 3 code (Ref. 1),
which treats the transient response of shells by obtaining a finite
difference solution of the nonlinear partial differential equations of
motion. Since the loading and response are axisymmetric it is only
necessary to use two meridional rows of mesh points. Owing to the
highly nonlinear character of this transient response problem it is
necessary to determine the minimum value for R by trial. When calculations
were performed for R=10 feet the response was found to be entirely
negligible. Results for R=5 feet are shown in the figures which follow.
Figure 4 shows the transient rectangular components of displacement in a
meridional plane at point A which is at 450 from the vertical axis of
the hemisphere. From this it may be determined that the maximum dis-
placement is only 0.036 inches, essentially radially outward. Dis-
placements at other locations are correspondingly small. A typical
transient strain response is shown in Figure 5, this prediction being
for the circumferential and meridional components of strain on the inner
surface of the shell at point A. These strains are seen to be small, as
was the case for all mesh locations (maximum calculated value was
0.0018). The suspicion that the stresses for this case barely exceeded
the yield stress is confirmed by the energy balance diagram of Figure 6.
This diagram, part of the graphical output provided by the BRL version
of the PETROS 3 code, shows the temporal variation of total energy and
work quantities for the hemispherical shell. There is a gradual increase
in the amount of (irreversible) plastic work but this will be bounded as
the shell "shakes down" to purely elastic oscillations.

From the above it may be inferred that the radius R of the hemi-
sphere could be made considerably less than 5 feet before danger of
rupture would arise. However, to be conservative and because the size
of the containment structure is already inconveniently small for nec-
essary machinery and service personnel further reductions in R were not
pursued. Rather, the total weight of the containment structure for R=5
feet was determined to be approximately 7000 pounds, or about 14% of the
weight of the corresponding suppressive structure of Ref. 2. Since the
cost of monocoque construction employed for the total containment structure
should be considerably less than the cost of fabricating the panel
arrays used in the suppressive structure, a comparison on a cost basis
should be even more favorable to the containment structure.

Hemicylindrical Configuration

Although the previously considered hemispherical configuration has
advantages with respect to optimal stressing of the material it clearly
has drawbacks regarding access and the shape of the interior volume
afforded. Consequently, consideration was given to analysis of the
response of a compromise configuration: specifically, a hemicylinder
with closed ends, one-quarter of which is illustrated in Figure 7.
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While certainly not as efficient from a structural viewpoint , it is
regarded as a closer approximation to a configuration which could be
employed for an assembly line operation.

This response probler was also treated using the PETROS 3 code for
the case h=l inch, R=5 feet and a cylinder length L of 10 feet. The
weight of this structure would be approximately 10500 pounds. The same
charge, two 81 nwn mortar rounds, was assumed to be detonated on the axis
of the cylinder midway between the ends. The peak reflected pressure on
the cylinder at z=L/2 and on the end plates on the cylinder axis is 1000
psi as for the hemisphere. At other locations the peak pressure is less
due to spherical divergence of the blast wave and oblique reflection.
Empirical data on this pressure were fitted by a quadratic approximation
in the response calculations. The pressure at each location was then
assumed to decay exponentially until the equilibrium pressure (100 psi)
is reached, which is less than for the hemisphere due to the greater
internal volume.

The deflections at B and C (Figure 7) are the greatest for the end
plEte and the hemicylinder, respectively. At both locations the maximum
deflections exceed those for the hemisphere, which is in agreement with
expectations since the deformation uf the hemicylinder is highly in-
homogeneous. While strains at certain points are greater than for the
hemisphere, the structure should still be able to contain the explosion.

COMMENTS AND RECOMMENDATIONS

While the containment structural configurations discussed in the
foregoing may appear too idealized for practical application, it was
possible to perform more complete and rigorous response analyses fcr
these configurations than is possible at present for the more complex
suppressive structure. Also, the containment structures may be viewed
as limiting cases of suppressive structures having zero venting and with
the multilayered panels fused into a single monocoque shell. On this
basis it may te useful to define a structural efficiency for protective
structures using an optimal containment structure as the baseline. For
fabrication procedures and materials having about the same cost per unit
weight one may define:

weight of optimal containment structure
Structural Efficiency w~eight of equivalent capacity structure K 100

being evaluated

It would certainly be possible to design a more structurally efficient
end closure than a flat plate but other considerations relating to
the intended application may indicate a preference for a vertical
wall.
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For example, for the structures which were considered for protection
against accidental detonation of two 81 mm mortar rounds (using the

*hemispherical configuration as a baseline), the efficiency of the
hemicylinder with end plates would be 67% while that of the suppressive
structure of Ref. 2 would be 14%. While the latter factor may seem
very low, it is typical of many engineering calculations that practical
considerations prevent the achievement of high efficiencies. Rather,
it was felt that the establishment of a criterion for efficiency might
permit a useful comparison of two or more suppressive structural
designs.

An examination of the characteristics of the near-optimal
hemispherical structure permits the idetification of factors which
contribute to efficiency of suppressive structures:

1. Shapes which promote the development of membrane restoring
forces before large deformations occur are desirable. Flat
plates supported at the edges which resist deformation
principally by nonuniformly distributed bending stresses are
inefficient.

2. Since structural weight of fragment sensitive structures varies
approximately as the midsurface area, the structure should
be made as small as the requirement of blast survivability
permits. However, it is recognized that considerations of
internal volume required for necessary machinery and for
service personnel may dictate the use of a somewhat larger,
less efficient structure.

3. While the use of vented spaced plates may be desirable from
the viewpoint of blast and fragment suppression, in
configurations where significant bending cannot be avoided
(as in box-type structures) the use of multiple plates with
no shear ties is less efficient than a single plate of the
same total thickness.

In comparing suppressive structures with those designed for total
containment it was believed that the ventilated structure might be
somewhat lighter because it does not have to resist the full blast
loading. Conversely, it was recognized that stress concentrations
associated with openings in the ventilated structure would require
added weight so that the net effect could not be determined a priori.
However, the apparent greater weight of "equivalent" suppressive
structures (aside from that part due to greater size) would indicate
that either the stress concentration effect is dominant or designers
have not been able to take advantage of the reduced blast loading due
to uncertainty as to its extent. Further, it appears from examinations of
calculations that structures which have been designed to survive the
initial portion of a blast load such as depicted in Figure 2 can
withstand the much lower equilibrium pressure indefinitely, thus
obviating the need for rapid venting of the confined pressure.
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The writers prefer to leave for future judgment any determination
as to whether suppressive structures can be designed to be competitive
with total containment structures from an engineering viewpoint. However,
considerable research and methodology development in the areas of blast
dissipation, structural component loading, and structural response of
complex configurations will be required before rational design of
suppressive structures can be performed with the same degree of confi-
dence as presently exists for containment structures. Perhaps some
combination of these concepts will eventually prove most satisfactory
for practical applications. Figure 8 illustrates such a compromise
which may be useful for an assembly line operation. Munitions on
pallets are brought by conveyor belt to and away from a station where a
hazardous operation is performed. This station is enclosed in a
containment structure which has openings for the conveyor belt and
pallets at each end. Suppressive panels to cover the openings required
for pallets as well as deflectors to divert residual blast upwards would
be raised and lowered hydraulically to permit passage of pallets. In
the closed position the ends of the suppressive panel would be nested in
wedge supports capable of resisting any loads produced by an accidental
detonation. While probably not necessary, additional suppressive panels
could be located in the upper portion of the cylindrical structure to
provide additional upward directed venting.
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METHODS OF PREDICTING LOADING AND BLAST FIELD

OUTSIDE SUPPRESSIVE STRUCTURES*

by

W. E. Baker

P. S. Westine

Southwest Research Institute
San Antonio, Texas

ABSTRACT

Methods have been developed for predicting the blast loads, quasi-
static pressure rise, and duration of the quasi-static pressure rise within
a suppressive structure. In addition, the side-on overpressures outside a
vented suppressive structure are estimated,

Before any prediction procedure could be developed, the effective
vented area ratio (aeff a Avent/A) for a multi-walled structure with various
size vents in each wall had to 'e developed. This relationship was ausumed,
and then employed in a model analysis to develop pi terms for predicting
loads and durations inside the structure as well as overpressures outside
the structure. Finally, experimental 'est data taken from the literature
were used to develop functional relationships. Whereaa in the past, inves-
tigators have assumed that the influence of a vented suppressive structure
was a reduction in effective charge weight, this solution shows that a more
accurate concept is the creation of an effective standoff distance less than
the free-field standoff distance at which blast pressures are the same for a
given size energy release. This effective standoff distance is a function of
the effective vented area ratio aeff, the free-field standoff distance for a
given overpressure, and the width of a suppressive cubical structure. Data
from a variety of test structures show that the procedare predicts outside
pressures to within one standard deviation of 18. 6%.

For the vast majority of suppressive structures, the quasi-static
pressure rise within the structure is independent of the vented areas. Test

data "adicate that provided .o..ff A) 3/. is less than 0. 0775, the maximum
V

internal quasi-static pressure is a function only of the charge weight divided

*Work performed under Contract DAAD05-74-C-0751 with Army Materiel
Systems Analysis Agency, Aberdeen Proving Ground, Maryland.
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by the volume because the maximum pressure is reached before significant
venting occurs.

INTRODUCTION

The loading from an explosive charge detonated within a vented or
unvented structure consists of two almost distinct phases. The first phase
is that of reflected blast loading. It consists of the initial high pressure,
short duration reflected wave, plus perhaps several later reflected pulses
arriving at times closely approximated by twice the average time of arrival
at the chamber walls. These later pulses are attenuated in amplitude be-
cause of irreversible thermodynamic process, and they may be very complex
in waveform because of the complexity of the reflection process within the
structure, whether vented or unvented. If the structure has solid walls, the
blast loading can be estimated by using sources of compiled blast data for
normally reflected blast pressures and impulses such as Refs. 1 and 2, and
the well-known Hopkinson's blast scaling law (see Chapter 3 of Ref. 3). The
effect of vented panels in the suppressive structures on reduction of the re-
flected blast loading can be very complex, and will not be addressed in de-
tail ii this paper.

As the blast waves reflect and re-reflect within the strt, cture and as
unburned detonation products combine with the available oxygen, * a quasi-
static pressure rise occurs and the second phase of loading takes place.
Proctor and Filler 4 present some data on these pressures, Proctor 5 has
developed a computer program to calculate both blast and quasi-static pres-
sure rises, and Sewell and Kinney 6 also present methods for estimating this
later phase. In addition, Keenan and Tancreto7 , 8 have made measurements
of blast pressures emitted from rectangular box cubicles with various vent
areas and pressure rises within the cubicles. Finally, Lassnigne 9 has
measured static pressure rises in closed chambers to obtain design infor-
mation for a specific suppressive structure, From these references, one
obtains the answer that for the particular ratios of vent area to chamber
volume tested, the venting has no effect on the peak quasi-static pressure.
Thus, peak static pressures for unvented or poorly vented structures are
the same. Unfortunately, essentially no data exist for quasi-static pres-
sures within well-vented structures and the crucial question of the actual
maximum pressure rise within such chambers remains unanswered. We
must at present use the unvented pressure rise for design purposes. We
have, however, conducted a model analysis and fitted curvos to all data
available to date to obtain the best possible estimate of this pressure. The
model analysis and curve fits are presented later in this paper.

The amount of oxygen available within any complete structure is apparently
little affected by venting,.until the venting area becomes very large.
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A third important question regarding blast loading and suppressive
. structures is, "Can blast pressures outside these structures be predicted

for specific designs?" Many of the pa-t measurements of effectiveness of
these structures have been based on blast attenuation wh-ch. thy .ro..
(see Refs. 9-12). Using these references and more recent data from MTF,
we have generated a method of correlating emitted blast waves with sup-
pressive structure design based on comparing free-field blast data to blast
data for waves emanating from suppressive structures. This method intro-
duces an effective vent area ra t io, a eff, which can be computed for any com-
bination of vented elements in a suppressive structure panel. Using this
parameter and least-squares curve fits to free-field and suppressive struc-
tures blast data, we have shown that the influence of the suppressive struc-
ture is to create an effective standoff distance Rst, less than the free-field
standoff distance Rf at which side-on overpressure Ps is the same for a
given blast source energy W. Alternatively, this method will predict the
reduction in overpressure over a considerable range of distances outside
the structure. Details of the method are also given later.

BLAST PRESSURES OUTSIDE SUPPRESSIVE STRUCTURES

The side-on overpressures P. in the free-field around an explosive
charge are given by a functional relationship as expressed in Eq. (1).

( R i (free field) (1)

where

R = standoff distance

W = charge weight

This functional relationship is the famous Hopkinson blast scaling law for
the blast field around geometrically similar sources at sea-level ambient
atmospheric conditions. 3 Assume that a cubical blast suppressive struc-
ture whose length on any side is X and whose walls are fabricated of a
single metal sheet with holes drilled in it is now centered over the explo-
sive charge. The ratio of the vent area of a wall to the total cross-sectional
area of the wall wil , be defined as equaling a. Equation (1) for free-field
blast will now be modified by the additional geometric parameters defining
the size of the suppressive cube X and the vent area ratio a,. If we elect
to write a modified form for Eq. (1) in nondimensional terms, a functional
equation for predicting blast pressures outside the suppressive structure
becomes:

/ f R X 0a (suppressive structure (2)equation)
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Equation (2) represents a four-parameter space of nondimensional
numbers or pi terms. Although no functional format is expressed by Eq. (2),
sufficient quantities of experimental data can be used to obtain an empirical
relationship. This is precisely what is done to develop a relationship for
predicting blast pressures outside of the suppressive structure; however,
we must first realize that most suppressive structures do not have walls
which are a single sheet with holes. The vast majority of structures have
three to six wall layers with various staggered venting patterns so fragments
will not escape the confinement. This means that, for a multi-walled con-
finement, we must compute an effective a, aeff, so Eq. (2) can be used to
predict blast pressures. To compute aeff for a multi-walled structure, we
have assumed that:

I + .. . + I (3a)

CLeff M1 2 CN

where N number of elements in a suppressive structure panel. Or,

i=N

aI1 =~ Z (3b)eff i =

Although no theoretical proof of this relationship is presently pos-
sible, it does reach the appropriate limits for small and large numbers of
plates. For example, if only one plate is present, aeff = a,, as it should.
If an infinite number of plates are present, aeff = 0, with the flow completely
choked. If one of the plates is solid and thus has a zero a , aeff = 0, as it
should. If all plates have the same value for CL, aeff = x/N, which is a
number smaller than a for a single plate, as would be expected. In each
member, m is defined according to Eq. (4).

vent4)

Awall

For plates, the meaning of this definition is obvious; however, in angles and
louvres, the definition is less obvious. Figure I defines (% in a series of
angles.

In a louvre, we use a similar definition of cL, except that the cL , de-
termined on the basis of Eq. (4), is multiplied by a factor equal to 1/Z.
This factor was applied because the data of Ref. 12 indicate that louvres
are more efficient in constricting flow than are plates with holes. Perhaps
this is explained by the fact that the entrance of a louvre is perpendicular
to the entrance of a hole in a wall. As will be shown later, the factor of
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1/2 appears to be justified by a curve fit to the experimental data. Figure 2

illustrates our definition of a for a louvre.

g

FIGURE 1. DEFINITION OF a IN A SERIES
OF ANGLE MEMBERS

FIGURE 2. DEFINITION OF cx IN A LOUVRE

Now that aeff has been defined, we are prepared to develop a func-

tional format for Eq. (2). This format was developed by assuming that

Eq. (2) can be expressed as

NN
P A X (5)

If logarithms are taken of both sides of this equation,

(togPoo (logoA)+N (log - +N (log 4 (logaefl) (6)

The equation is made linear, and a least-squares curve fit can be developed

by stating that:
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R X
1. 0, log ,og log .eff] log A = [log Ps] (7)

N 1

N 2

N 3

Substituting matrix notation yields:

EL] [N] = [P] (8)

and a least squares curve fit results for log A, N i , N2 , andN 3 or the N
matrix when:

EN] = ELTL] ELT ] EP] (9)

Experimental test data from Refs. 9-12 were used to develop this
curve fit. The resulting equation is

W2/3a 1/2

P - 976.3 eff (10)
s 3/2X 1/2

where

P5  side-on pressure (psi)

W = charge weight (lb)

R = standoff distance from charge (ft)

X = width of suppressive cube (ft)

a = effective vented area ratio (-)

Figure 3 is a plot of Eq. (10) versus the experimental data points
used to compose this plot. Equation (10) appears to experimentally curve
fit the test results excellently. One standard deviation for the experimental
data about the line in Figure 3 equals 18. 6%, which is only slightly worse
than would be obtained for free-field data. Because this is a curve fit to
test data, Eq. (10) should only be used when input conditions fall within
variations in individual piterms. The variations included in test results
were:
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0.0263 < xff < 0.60

* .1

0.323 < < 1.'77 (11)

13 R 1/3
4.27 ft/lb' 3 < R < 17.5ft/b"

- 1/3-

The test data include results for a wide variety of panel geometries and
numbers of vented layers in each panel. These range from as few as two
layers to as many as five, and combinations of spaced angles, zees, per-
forated plates, and louvres.

It is interesting to curve fit free-field side-on blast pressure data
from Refs. 9-12 using the same procedure over the same range as for the
suppressive structure blast field data. The resulting equation for free-
field data is

P 976.3 W 
()

A comparison between Eq. (12) and the test data points can be seen in Fig-
ure 4. The standard deviation for blast pressures in the free-field is 13. %
which is only slightly better than the standard deviation for the suppressivu
structure biast field equation. Naturally, Eq. (12) should only be applied
whenever R/W 1 / 3 is between the limits established by Eq. (11).

If one compares Eq. (10) for suppressive structures to Eq. (12) for
free-field blast, it is immediately apparent that the influence of the sup-
pressive structure is to create an effective standofi distance less than the
free-field stanadoff distance at which blast pressures are the same for a
given energy release. This standoff distance with a structure soppressing
the blast Rat is related to the free-field standoff distance Rf by:

R2 R3/2 X /2  (3
Rf st I"- (13)

cteff

or

R13 (£ 314)
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PRESSURE RISE INSIDE STRUCTURE

In this section, we will discuss the quasi-static pressure rise within
a suppressive structure. To create a solution, we will first perform a
model analysis., The problem is envisioned as an instantaneous energy
release of magnitude W inside a confined volume V. A vent area (aeff A)
exists through which internal gases can escape. We are interested in pre-
dicting the internal pressure rise p and its decay as functions of time t.
Ambient atmospheric pressure p. exists initially inside and outside the
confined volume. To define an equation of state for the gases in this prob-
lem, we need two additional parameters, the ratio of specific heats y and
speed of sound c. Table 1 summarizes the parameters in this problem
and lists their fundamental dimensions in an engineering system of force,
length and time (F, L, T).

TABLE 1. PARAMETERS DETERMINING QUASI-6TATIC
PRESSURE INSIDE A VENTED CONTAINMENT VESSEL

. .Fundamental - -" - . ..

Parameter Symbol Dimensions Description

Volume V L 3

2 Geom-_' r

Vented Area (CLef2A) LG

Energy Release W FL Input energy

Atmospheric
Pressure PO F/L

Sound Speed in
Air c L/T Initial state of air

Spcc ifiI Heat
Ratio Air Y ---

Pressure
Increase p F/L R

Time t T
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Texts such a3 Ref. 13 tell how nond-Imensional numbers or pi terms
can be developed from this list of variables. Because no new assumptions
are inserted in developing pi terms, we will present only the results and
not perform all of the algebra. The assumaptions in this analysis are all
included in the definition of the problem, so that phenomena are not con-
sidered which have no parameter listed in Table 1. Probably the major
assumption is that no thermal effects are considered; in other words, the

A pressures dissipate through the venting and not through the conduction of
heat into the walls of the suppressive structire. An acceptable set of pi
terms which can result is.

r1 = 0p

it eff A)3/

2 V

IT (15)

If 3

4 p 0V

V1/

If we assume y is a constant and are only inlterested in predicting
peak pressure, the result would not be dependent upon tinie or the pi term
ct/V11/3 and the pi, termn y would be invariant. H~ence.,

"lax W Ceft )32(6

Because p. is inaiant, :e can 9ls write a dimensional functional
format for Eq. (16),

Figu~re 5 is aplot of p~ Mxversus WIV for Iv~rious values of (CL fA)3/

Provided V in loes than 0. 0775. the experimental data indbtate that

slit



CD

CDC

It!.

40 CL

Eli.

CO

C.. 812



3/2
the maximum pressure pmax is independent of eff. This can be

V
written as

(ef)3/2

(~A)3 '
p() < 0.0775 (18)maxV -

The data used in developing Figure 5 come from Refs. 7 and 8. In addition
to presenting their own data which were obtained at the Naval Civil Engineer-
ing Laboratory, Keenan and Tancreto-also report test data obtained by Proctor
at the Naval Ordnance Laboratory. Poth groups of experiments used Comp B
explosive, but, as can be seen in Figure 5, their experiments were in differ-
ent domains of W/V.

The dashed straight lines in Figure 5 are the asymptotes for com-
plete energy conversion or for Pmax proportional to (W/V). If (W/V) is
too large, insufficient oxygen is available to convert all the energy in the
explosive charge; hence, the energy release is reduced by the ratio of the
heat of detonation divided by the heat of combustion. Figure 5 implies that
for W/V < 0. 003 complete oxidation occurs; W/V > 0. 1, the only oxidizer

* available is that in the explosive itself, and W/V between 0. 003 and 0. 1
*results in partial afterburning.

If the maximum pressure is reached before significant venting occurs,
the blow-down time will be independent of W/p V , and we can write a func-
tional equation for time of blow-down.

I ( eff)3/2 1

ct f ("effA
V 1/'-  = Po 'V ,9

Neglecting the invariant ambient gas parameters in Eq. (19) permits us to
write a dimensional form of Eq. (19).

Vt (deff A) 3 /21
1/-"3 P' V J(20)

The data used to develop Figure 5 can also be used to empirically solve
t ( efA)3 /2

Eq. (20). Figure 6 is a plot of 1/6 1/3 versus eff . The-ordinate
p Vv

of this graph is based on the empirical observation that the two pi terms
t t

and p can be combined to form . We can now write Eq. (20)

p~ V~
as Eq. (21):
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t f eff
1/6 1/3 -

The function format for Eq. (21) is obtained from Figure 6.

CONCLUSIONS

In this paper, we have presented methods for estimating long term
(quasi-static) pressures generated by internal explosions within vented sup-
pressive structures, and attenuated blast pressures escaping from suppres-
sive structures with various vent panel designs. Scaled curves for appropriate
parameters are presented, based on fits to available experimental data.

We have several suggestions for improving methods for estimating
blast loading and attenuation of suppressive structures:

(1) Initial reflected blast loads have conservatively been
estimated to be the reflected pressures and impulses
on rigid, non-vented walls. We suggest that shock-tube
or field tests be conducted to measure these loads rm ore
accurately, for several typical vent panel designs.

(2) Experimental data for quasi-static pressure rises caused
by internal explosions in vented structures have been
limited to such small values of scaled vent areas that
the maximum pressure rises are unaffected by the vent
areas. Tests should be run on well-vented structures
to determine scaled vent areas which cause significant
reduction in quasi-static pressures.

(3) As additional data on attenuated blast pressures outside
suppressive structures are obtained in the course of
subsequent testing, these data should be factored into
the design curves and equations in this paper to obtain
better fits. In addition, curve fits should be made to
scaled data for blast impulse outside the structures,
when sufficient data are available.
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ENERGY SOLUTIONS FOR PREDICTING DEFORMATIONS IN
BLAST LOADED STRUCTURES

by

P. S. Westine
W. E. Baker**

ABSTRACT

Energy solutions are excellent analysis procedures for predicting
residual strains or deformations in structural elements when transient be-
havior is of little interest. In this paper, we demonstrate how energy pro-
cedures can be used in rigid-plastic structural solutions when members are
loaded either impulsively or quasi-statically by blast waves.

In the impulsive loading realm, the kinetic energy imparted to a
structural member is equated to the plastic strain energy, whereas in the
quasi-static loading realm, the work performed in deforming a structural
member is equated to the plastic strain energy. An assumed first mode
structural deformation pattern works well when calculating plastic strain
energy in either of the loading realms. Experimental test data on deformed
simply-supported and cantilever beams, clamped circular plates, and
clamped rectangular plates demonstrate the validity of these solutions.

The test data on different types of structural elements are important,
as the beam data involve only bending behavior, the circular plates have
both bending and extensional action, and the rectangular plates introduce
shearing behavior into the strain energy calculations. Because all solutions
are closed-form ones, design formulae result which can be used by others
to evaluate plastic deformation in blast loaded structural members.

INTRODUCTION

Energy solutions are excellent analysis procedures for predicting
residual strains or deformations in structural components whenever tran-
sient (time-dependent) behavior is of little interest. Although schools

Senior Research Engineer, Southwest Research Institute, San Antonio,
Texas.

Institute Scientist, Southwest Research Institute, San Antonio, Texas.
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readily teach energy procedures for obtaining elastic solutions, few investi-
gators apply the approach to dynamic plasticity problems.

Dynamic rigid- lastic energy solutions began in the early 1950's
when Lee and Symondsli used the static plastic-hinge concept, considered
beam inertia, and propagated a traveling hinge to analytically obtain the
upper bound for permanent deformation in a beam under a transverse load.
Their Brown University associates and graduates such as S. R. Bodner,
W. Prager, N. Jones, J. B. Martin, R. M. Haythornthwaite and others
then added refinements, illustrations 6f which are given in Refs. 2-6. It

was J. E. Greenspon in the 1960's who pointed out that one could obtain
-solutions without going through the details of propagating a plastic hinge
along structural members [Refs. 7-11]. Greenspon noted that the residual
strain energy stored in a plastically deformed member could be calculated
by assuming a final deformed shape. This strain energy was then equated
to the energy flux in an explosive blast wave.E11) We disagree with this
last step, which made deformations independent of structural orientation
relative to the enveloping blast wave, thus ignoring an important effect
observed in many experiments. In addition, Greenspon's procedure forces
pressures and impulses in the blast wave to obey the relationship PI
constant, whose asymptotes for both pressure and impulse are P = 0 and
I = 0. The response of real targets is related to non-zero P and I limits,
so this conclusion is also unacceptable.

We would emphasize that Greenspon was correct in his strain energy
estimation procedures. Estimates of structural deformation would have
been correct had he equated strain energy to the kinetic energy imparted to
the structure for short duration impulsive loads. When durations are long
relative to the structural response time, the strain energy is equated to the
work performed when the peak load moves through the distance that the
structure deforms. Hence, two separate procedures are required, one to
obtain the solution for the impulsive loading realm, and the other to obtain
the solution for the quasi-static loading realm. We will proceed to illus-
trate these procedures by computing results and comparing to test data.
Our first illustration is a rheological model whose exact solution can be
obtained and compared to the answers given by energy procedures.

RIGID-PLASTIC SINGLE DEGREE-OF-FREEDOM SYSTEM

Consider first a single-degree-of-freedom, rigid-plastic system as
in FIgure I&. The motion of the mass m is resisted by a Coulomb friction
element f when the blast load p(t) is applied to the structure. We will
approximate the blast loading with an exponential decay as in Figure lb
(where P is the maximum applied force and T is the time constant associ-
ated with the duration of loading). If P/f < 1. 0. we have the trivial case
where the residual deformation X equals 0 because the mass never moves.
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X P t

T

(a) (b)

nGURE 1. RIGID-PLASTIC, SINGLE-DEGREE-OF
FREEDOM DAMAGE MODEL

If P/f > 1. O, we must write the differential equation of motion:

-t/T d x

dt

By direct integration, we obtain for the case of zero initial velocity, the
velocity relationship:

dx PT " -t/T I~ i It1 (2)

Integrating again, we obtain for the case of zero initial displacement, the
displacement equation:

=T-rt e-t/T _f -T (3)

Motion continues until the velocity. Eq. (Z), equals zero or until:

e / 1 =) 1. 0 (4)

We cannot explicitly solve for t/T in Eq. (4). as it is 4 transcenden-
tal equation; therefore, we assume values of P/f, solve for t/T , and sub-
stitute into the displacement equation (Eq. (3)) to obtain the maximum de-
formation X. Table I gives the results of such a calculation.

The maximum deformation X in the third column of Table I has been

made nondimensonal by dividing the left and right sides of Eq. (3) by PT.
m

A solution can be presented for the maximum displacement by plotting
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TABLE 1

t/T P/f Xrn/PT 2 (PT)2 /X mf

1.00 0
0.09 1.033 * 0.001 1033
0.35 1.18 0.003 394
0.50 1.27 0.009 141
0.75 1.42 0.024 59.2
1.00 1.58 0.052 30.3
1.50 1.94 0.143 13.6
2.00 2.31 0.270 8.56
3.00 3.16 0.630 5.02
4.00 4.08 1.06 3.84
6.00 6.01 2.00 3.01
9.00 9.00 3.50 2.57

13.0 13.0 5.50 2.36
20.0 20.0 9,00 2.22
35.0 35.0 16.50 2.12
50.0 50.0 24.0 2.08
75.0 75.0 36.5 2.05

100.0 100.0 49.0 2.04
Z. 00

Xmnm

XT. versus P/f. We have elected to divide P/f by X to form a newPT a PT .2TI

fourth column in Table I and to plot this new column (PT versus P/f.I Xmf
The reason for this manipulation is that the product PT equals the applied
total impulse 1, and in this manner we create a scaled load-impulse or P-I
diagram. The solid line in Figure 2 is this scaled P-I diagram for a simple
rigid-plastic structure.

12
Observe in Table I and Figure 2 that whenever -- is greater than

about 60, the duration of loading T is larger than the response time t and
PAf equals 1. 0. Similarly, whenever P/f is greater than about 20, dura-
tions of loading T are smaller than the response times t of the responding

12
structure, and X - equals 2.0. The energy solutions which we will apply

estimate both of these asymptotes.

The strain energy U stored in plastic deformation is given by:

U fX (5)
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RIGID-PLASTIC MODEL
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FIGURE .. p-I DIAGRAM FOR RIGID-PLASTIC
SYSTEM

The kinetic energy KE imparted to the mass equals:

E = - V z  - .-m = -- (6)

S0 mo Zin

The work WK done by the maximum force P acting through the distance X

is:

WK = PX (7)

Equating the strain energy U, Eq. (5). to the kinetic energy KE, Eq. (6),

yields the asymptote for the impulsive loading realm or:

Z2. 0 (impulsive loading realm) (8)
Xmf

The other asymptote is obtained by equating U, Eq. (5), to the work WK.

Eq. (7).

P = 1. 0 (quasi-static loading realm) (9)

Had we wished to calculate maximum elastic deforma4tioos rather

than plastic ones, the same procedures would apply. Repltcing the Coulomb

friction element with a linear elastic spring in Figure la v ould have yielded

the analytical solid curved line shown in Figure 3. This solution also has

asymptotes for the impulsive and quasi-static loading. realms that can be
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obtained ugsing energy procedures. The strain energy in an elastic system
would be gfiven by Eq. (10) rather than Eq. (5).

U 4.kXZ (10)

In an elastic system the kinetic energy KE and work W7K are still given by
*Eqs. (6) and (7), respectively. For an elastic system, equating Eq. (10) to
* Eq. (6) yields the asymptote for the impulsive loading realm.

I-

LX (impulsive loading realm) (12)
P/k mx

*Similarly, equating Eq. (10) to Eq. (7) yields the quasi-static loading realm
* asymptote:

P/ Z. 0 (quasi-static loading realm) (13)

Both the impulsive loading realm asymptote and quasi-static loading realm
asymptote are shown in Figure 3. Figure 3 illustrates that. if theme asymp-
totes are known for an elastic as well as plastic system, the deformations

* can be predicted using energy procedures.

As has been illustrated in these simple models, the principles are
as follows.:

(1) To estimate the impulsive loading realm structural deforma-
tion asymptote, estimate the strain energy in a deformed-
structure and equate this straih energy to the kinetic energy
imparted to the structure.

(2) To obtain the quasi-static atructural deformation asymptote,
equate the striin energy to the work performed by the peak

* force detlecting with the structure.

We are now prepared to illustrate these principles as they are applied to
beami, plate&, anud similar move complex structural components which are
loaded by blast waves or other tranalem pulses. The first structural comn-
ponents that we will study art' cantilever beams.

855



BLAST LOADED CANTILEVER BEAMS

Consider a clamped cantilever beam of rectangular cross section
as depicted in Figure 4.

FIGURE 4. SCHEMATIC DRAWING OF CLAMPED
CANTILEVER BEAM

We will assume that the deformed shape for this structural component is
given by

w w [-Cos nJ (14)

Notice that the assumed deformed shape has no deflection and no
slope at x = 0 and no moment at x = L. The maximum deformation and
maximum slope occur at x = L , and the maximum moment occurs at x = 0.
These are the correct boundary conditions. A good solution does depend
upon ablecting an appropriate deformed shape.

Because membrane action is not developed, the strain energy is dis-
sipated in bending. In an olistic member, the bending strain energy is
given by:

,.rL M2dx

where the moment M is equal to -El Differentiating Eq. (14) and
dx

substituting into Eq. (15) then yields:

4 Elw2 a L....
3 L 4 jo cos ZL dx (16)
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Or, upon integrating: 

IT4 2~

oJ E 0 bending in elastic (17)
64 L 3  Icantilever beam

The kinetic energy imparted to the cantilever beam of mass density
p, width b, and thickness h by a uniform specific impulse of intensity i is
given by:

1 V2
KE - y(18)

beam

or

10 J ~(obhdx)(ob ) 2 (19)

Integration of the preceding quantity then yields:

KE = 2 oh(20)

The equation defining the impulsive loading realm asymptote for the elastic
maximum tip deformation Is then obtained by equating Eq. (20) toEq. (17).

1 3

The width b drops out of the solution when - b h is substituted for the

second moment of area I in Eq. (1?).

w + I ii
L 2 lh)hEj()

The quasi-static loading realm asymptote is predicted by estimating
the work WK associated with the peak drag load Q. The work is:

WK be a D w (22)
beam

or

WK- C Ob w I Cos dx (23)
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Integration of the preceding quantity then yields:

WK {lCQbLw (24)

Equating Eq. (24) to Eq. (17) and substituting for the second moment of area

then yields the quasi-static asymptote for the elastic maximum 4ip deforma-
tion.

-0 875.5 tCDQ (25)
L 5 h

IT

Maximum elastic strains at the root of the cantilever beam can also

be calculated from the maximum tip deformations, either Eq. (21) or Eq.
(25), dependent upon the loading realm. Substituting the second derivative

Me
of Eq. (14) into the moment-curvature relationship, the moment into ac

1 h3I
the stress a into C = and -- b h for the second moment of area I,

yields the strain equation in terms of the maximum tip deformation. This
equation is given by:

2
nr hw

0 o 2_x (26)

8L 2  cos2i

The strain C will be a maximum at the root of the cantilever beam where

cos 2 equals 1.0. Substituting Eq. (21) for w into Eq. (26) then yields

the maximum strain equation for the impulsive loading realm.

i
= 45 (impulsive loading realm) (27)

Equation (26) f-r the impulsive loading realm can be compared to
experimental test data to demonstrate the validity of this analysis procedure.

In 1958, W. E. Baker, et. al.,El2] detonated H. E. explosive c harges in the
vicinity of 6061-T6 aluminum cantilever beams. Plotted in Figure 5 is the
maximum bending strain as a function of - for beams with a length of

12 in. and thickness of 0. 051 inch. Some uncertainty exists in computing

the impulse imparted to the beams because of an air blast wave diffracting

around the beams; hence, the test data are plotted as bars. As can be seen
in Figure 5, Eq. (27) for the maximum elastic strain at the root of the canti-

lever beams accurately predicts experimentally observed results.
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The strain at the root of cantilever beams in the quasi-static load-
ing realm can be obtained by substituting Eq. (25) into Eq. (Z6) and setting

the cos 2 equal to 1. 0. This result yields:
ZL

3 . 53 1L)2 {-D-- (quasi-static realm) (28)

J. D. Day in unreported tests ran five blast loading experiments on clamped
cantilever steel beams with strain gauges at the root of the beam. Th6 steel
beams were 6 x 3/4 X 3/4 in. and were exposed to side-on overpressures
P. as summarized in Table 2. The drag pressure Q can be calculated from
Ps .and assuming that CD equaled 1. 75, we obtain Calculated strains as
shown in the last column of Table 2. These calculated strains compare very
favorably with experimental observed results.

TABLE 2. ELASTIC STRAINS IN CANTILEVERS,
QUASI-STATIC LOADING REALM

Test Experimental Calculated

No. P (psi) Q (si) I e 10 +6 Q x 10+6

1 8.80 1.76 23.2 23.6
2 8.68 1.74 22.9 23.4
3 10.48 2.42 32.5 32.5
4 16.10 5.47 80.4 73.5
5 20.78 8.73 141.0 117.5

Plastic response of cantilever beams can be estimated as easily as
elastic response. If we assume a rigid-plastic model, the bending strain
energy now becomes the integration of the moment-curvature relationships
over the length of the beams, In other words:

L Z
U M dw (29)

U o Y j dxZ

Differentiating Eq. (14), the assumed deformed shape and substituting it into
Eq. (29) gives:

2rM w L
U 0,  coX dx (30)

82 o2L
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K h2: abh
But in a rectangular member the yield moment M -; hence, upon

substituting for My and completing the integration, we obtain:

T o bh Z w
U = V o0(1

16L (31)

Equating Eq. (31) to the kinetic energy, Eq. (20), then yields the
asymptote for permanent residual tip deflection in the impulsive loading
realm.

0° h (32)TL h

Reference 12 also presents test data on permanent tip deflections for the
same 6061-T6 aluminum cantilever beams as were used in the elastic strain,
Figure 5, comparison. Plotted in Figure 6 are these scaled tip deflections

as a function of -
S. fco L "Equation (32) was placed in the same format as

the data in Figure 6 by multiplying and dividing Eq. (32) by the elastic modu-
lus E. As can be seen in Figure 6, the agreement is relatively good. The

disagreement that does arise at small values of scaled impulse E I

caused by our use of a rigid-plastic rather than elastic-plastic analysis.

The writers have no data for a cantilever beam permanent tip deflec-
tion comparison in the quasi-static loading realn. In the quasi-static load-
ing realm, the displacement X becomes indeterminate when U, Eq. (31).
is equated to WK, Lq. (24). The solution In the quasi-static loading realm
is given by:

- = 0.540 133)
(7L

y

The displacement w. in Eq. (33) is indeterminate just as X was indetermi..
nate in the rigid-plastic rheological model, Eq. (9), for the quasi-static
loading realm. This c.,nclusion is correct for perfectly plastic nonharden-
ing systems in the quasi-static loading realm. A hardening stress-strain
law does result in finite displacements.

BENDING IN SIMPLY-SUPPORTED AND CLAMPED BEAMS

Our next illustration will be plastic bending in a simply-supported
beam being loaded with a uniform load. Figure "i shows the deformed shape

of a bent simply supported beam. To calculate strain energy in this member,
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r -
I FIGURE 7. DEFORMED SHAPE OF

SIMPL Y-SUPPORTED BEAM

: we must assume a deformed shape. Selecting:

w = w !- 2 (34)0 L 2

: as an appropriate deformed shape gives the appropriate boundary conditions.
' dw~At x = 0, center of the beam. w = w and the slope -- 0, while at the0 dw 8xw o

I ends of the beam, x = +L14 the deflections w = 0 and the slopes = L

2-

Sa maximum value. The strain energy equals the plastic yield moment M.y
~for the beam cross-section times the change in angle of rotation integrate~d

over the entire beam. Because the beam is symmetric and the change in
angle of rotation with respect to x approximately equals ing 2: the strain

U = - M d 2 (35)
o Y dx z

Differentiating Eq. (34) substituting it into oq. (35) and witegrating then

yields:

e o (36)

Taie kinetic energy E is obtained by summig the impulse squared
divided by two tisss the incrementae mass (see Eq. (6)) over the entire
beam. If b is the width ofism meri a the density, A the cross-
sectional area, and i the specific impulse this sum ation yields the tollow-
ing integration.
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KE Z LIZ i Z dx2 (7

KE 2 0 2 pA (dx) (37)

or

KE - 2 b (38)

Equating U, Eq. (36), to KE, Eq. (38), yields the asymptote for
the impulsive loading realm.

ibL = 1impulsive realm
pM A 16 Is.s. beam (

y

The work WK is obtained by integrating over the length of the beam,
the forces times the distances through which they move. This operation is
performed by integrating pbdx times the assumed deformed shapes, Eq. (34).

WK = 2 Jo pbw ( I- ) x (40)

or

WK = "pbLw (41)

Equating WK , Eq. (41), to U, Eq. (36), yields the quasi-static asymptote,

M 12quasi-static rearl (42)
i s. s. be am I

So far these calculations have assumed that the beam is simply-
supported and free to rotate at the ends. If the beam is clamped at the
ends, no rotation occurs, but can move inwards so that no membrane action
is developed: we can use many of the results which have already been de-
veloped. To do this, assume that a clamped beam is really two simply-
supported beams that have been split and joined end to end as in Figure 8.

This new configuration implies that:

16 M y
U ZU (-., y (43)
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FIGURE 8. DEFORMED SHAPE OF CLAMPED BEAMS

and that

i2 bz
KE 2KE S. A (44)

s.s5. pA

L We
but 7 - and Y. 2, so substituting for 1 and y and equating U to K E

yields:

i2b2 L w
_ b L jimpulsive realm/  (45)y Lclamped beam I

Because Eq. (45) for clamped beams is twice Eq. (39) for simply-
supported beams, we can write

2 2 wi b L  16 oi impulsive realm I  (46)My L ibeam bending

where

N 1 1. 0 for simply-supported beams

N = 2.0 for clamped beams

To experimentally demonstrate the validity of this solution, we have
plotted experimental data taken by Florence and Firth[ 1 3 ] and compared
these data to Eq. (46). Because FloIenco and Firth used beams with rec-

a bh2

tangular cross-sections. M = Y 4 Substituting for M , bh for A.y 4 "y

and 21 for L (they used half spans). yields:
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I M Iimpulsive realm
.h R 1 rectangular beam bendingj

All of the beams tested by Florence and Firth had an A/h ratio of 36, so
i Wo

this comparison is made by plotting versus -. All beams are

impulsively loaded using sheet explosive. Both clamped and pinned beams
made of 2024-T4 aluminunN 6061-T6 aluminum, 1018 cold rolled steel, and
1018 annealed steel are included in this comparison. Figure 9 demonstrates
the validity of Eq. (47) and this analysis procedure.

Because we have no data for clamped beams or simply-supported
beams in the quasi-static realm, we will not develop the equations, but will
give the results. Because the clamped beam in bending is 8/3 times Eq. (42)
lor simply-supported bending, we can write:

2
pbL 12N 1. 4 1 5  quasi-static realml (48)

My (beam bending

where

N = 1 simply-supported beam

N =2 clamped beam

CIRCULAR PLATE (BENDING AND EXTENSIONAL BEHAVIOR)

The next solution that we will evaluate is for the residual mid-point
deformation in uniformly impulsed clamped circular plates. This problem
adds an additional term to the strain energy expression, as both bending
and extensional action will be present. An appropriate assumed deformed
shape for a clamped plastically deformed circular plate is:

w
W +Cos (49)

The deformed shape is being described by a radial (radius r and angle 0)
coordinate system with its origin at the center of the plate. Because of
symmetry, the deformed shape is independent of the angle 0. Equation (49)
meets the appropriate boundary conditions for a clamped circulate plate in
that at the center with r ! 0, w is a maximum deformation of w o . and
dw dw
- = 0 while at the edge of the plate with r =R, w =0 and dr . 0. Anin-

flection point occurs at r T when the curvature changes from negative to

positive for increasing values of r.
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Because no change in length occurs circumferentially, there is no
circumferential strain and no circumferential strain energy in a clamped
circular plate. The radial strain energy per unit volume equals the stress
a times the strain £ in any structural element. If we assume that the plate
is yielding, the stress a must equal the yield stress ay in a rigid plastic
constitutive relationship, and if plane sections remain plane, the bending

strain for small deformations is'given by -z--w where z is the plate co-
dr2

ordinate perpendicular to the r adid e coordinates. To compute the bend-
ing strain energy contribution Ub, create a circular differential torus of
circumference 217r, thickness dz, and width dr. The differential bending

d2wstrain energy dUb equals this volume times ay times dr 2 . The total

bending strain energy Ub is obtained by integrating the differelitial strain
energy over the plate thickness and plate radius. Equation (50) describes
this mathematical procedure.

+h/2 RIZ f 2 hZ R

b -h2jo y dr -h/Z R12

(2 r dr dz) (-a y) z -- L (50)

Equation (50) must be integrated in parts because the sign of the
bending stress changes at the inflection point which is located at R/2.
Differentiating Eq. (49), substItuting it into Eq. (50), and integrating over
dz plus dr then yields:

2 h2
Yt cth wUb' ---- (51)

U b 4

Next we estimate the extensional strain energy U. through a similar
procedure. Extensional strains in a circular plate are generally given by

C =1. 0 N -rJ - 4.0. Using the binomial expansion and retaining only

the first two terms leads to the approximate expression for extensional

strains, 0 s .LWr " We will use the same differential torus to computb

extensional strain energy as was used to compute bending strain energy.
The total extensional strain energy Ue is obtained by integrating the differ-

ential volume times cy times I over plate thickness and plate radius.

Equation (52) mathematically dercribes this procedure for obtaining exten-
sional strain energy.
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Ue jhzj (2 rr dr dz) ( )(t (52)

Differentiating Eq. (49), substituting it into Eq. (52), and integrating yields:

T3 a hw
2

U Y 0(53)Ue 16 (3

The total strain energy U is the sum of Ue (Eq. (53)) and Ub (Eq. (51)). or:

2 3 2

U h + -h 2ay hwo (54)

The kinetic energy KE for a uniformly applied impulsive load im-
parted to the plate is obtained just as it was for a beam, by summing up the
impulse squared divided by two times the incremental mass over the surfape
of the entire plate. This summation leads to the following integration.

R 2 2 2

KE j (Z.r) (dr) (55)

0 2 oh(2rr) (dr)

or:

i2R2

iK iR (56)
2 oh

Equating U (Eq. (54)) to KE (Eq. (56)) yields the asymptote for the
impulsive loading realm.

2

Iw +2, (w) lmpulsive realm
hZ - + (clamped circular (57)

plate

A comparison between Eq. t57) for a uniform impulse on a clamped circular
plate and experimental test data can be made using test result,, by Ftorence.114 1
Residual permanent mid-span deformations were measured on both clamped
circular 6061-T6 aluminum plates and 1018-cold rolled steel plates that had
been loaded uniformly with various layers of sheet explosive. The 22 alumi-
num data poinis. 20 steel data points, and Eq. (57) are all shown in Figure 10.
Once again the validity of this solution and analysis procedure are substanti-
ated. If there exists a systematic error, it is a tendency for the analytical
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w ocurve to slightly underestimate deformations whenever T- is large. This

error is probably caused by the assumed deformed shape not yielding the
wo

minimum strain energy. For small values of -j-, the analytical curve

overestimates deformations. This error is created because we assume
that deformations extend over the entire span of the plate. When loads
are small and deformations small, the deformed shape covers only a por-
tion of the entire plate.

RECTANGULAR PLATE (ADDITION OF SHEARING STRAINS)

The final solution that we.will develop is for the plastic response of
rectangular plates from uniformly applied transverse impulses. This solu-
tion introduces a new complication associated with a lack of radial symmetry
and the bending plus extensional shearing forces that are created thereby.
For a clamped-clamped uniformly loaded rectangular plate, we will assume
a deformed shape given by:

w
W 4 1l+cos 7 'I+Cos (58)

where

X and Y are half spans

x and y are the rectangular coordinate system with its origin in
tie center of the plate.

This assumed deformed shape meets the appropriate deflection and slope
criteria in the middle of the plate and along all boundaries. Lines of in-

flction cur at y an The strain energy per unit volume in

a structural element under a biaxial state of stress is:

U r r de +2 dce +a de (59)
Vol . "Jstralne ' XX xx XY X y Y yy

Because we have yielding, we will assume that 0XX = a and acy = c. but
for the sheariag stress we will usi a Huber-Mises-ienclay distortion energy

yield criteria of a A. The normal bending strains are as in the circu-

lar plate problem with C - - -W and e W The bending
x 2  yy = -

shearing strain e 2 z The bending strain energy Ub is then given

by:

871



h/Z Y h/Z

J dJ (2x d - -z-J d
b x 0 f0 a 2 I

0 0

The bending strain energy contributions from the normal stress and strains
X y X

must be obtained by four part integration (from 0 to I and 0 to -, from

to X and 0 to from 0 to - and - to Y, plus from - to X and from
y q . (

to Y) because the lines of inflection change the sign of the stress. Dif-
ferentiating Eq. (58), substituting it into Eq. (60), and performing the triple
integration then yields:

hhw  + + a w (61)b 2y x Y 7=3y 0

The first term on the right hand side of Eq. (61) is the contribution from the
normal bending strains, and the second term is the contribution from the
bending shear strains.

Equation (59) applies to the extensional response as well as bending
response. The normal extensional strains are as in the circular plate

2 2
p m 2 and E =. The extensional shearing
xx 2 xy 2

strain (W as a first approximation. These additional obser-

vations mean that the extensional strain energy U is given by:
e

X Y h ZwX

U dx Jdyj dz a, I xJ T 21' (L JU+J dx

Y o 2
d z yj( W (62)

Differentiating Eq. (58), substituting it into Eq. (62), and performing the
triple integration yields:

z
U3--- a . + 2i + - - (7 h 63)e. 32 Y Y V y o



The total strain energy U is then the sum of Ue (Eq. (63)) and Ub (Eq. (61)),
or:

u h w y+ X hw I hw 2 [ +2y 0 LX Y yz o -3- y o X Y

+ hw (clamped plate) (64)F3 y o

The strain energy in a simply-supported plate can also be estimated
using the same procedure, with an assumed deformed shape described by:

w = w cos TTX cos ZY- (65)o0 2 2Y

The previous procedure gives as a value for the strain energy U,

= h2w[ 2I+4ahw + TT hw 2 F+ X-

2+ hw (s. s. plate) (66)F3 y o

Notice that Eq. (66) for strain energy in a simply-supported plate is
similar to Eq. (64) for strain energy in a clamped plate. The only difference
in these equations is in the numerical values of the coefficients which accom-
pany each term on the right hand side of these expressions. This observation
means that if we insert a coefficient N that is equal to 1. 0 for simply-sup-
ported plate and equal.to 2. 0 for clamped plates, a general strain energy
equation can be written as in Eq. (67).

2  Y X 1  4 2 3 N-1 T+ 2 2U -Na yh w I-+ -IJ+7 - Yh w0 + 8N2 \jyhw0N y oL.XYJ oy o 8 N y o

Y X + 4N hw 2  (67)
X Yy o

The kinetic energy KE imparted to a plate is not dependent upon the
deformed shape. For a uniformly applied impulsive load imparted to a plate,
the kinetic energy is obtained (as it was for a circular plate) by summing up
the impulse squared divided by two times the incremental mass over the
surface of the plate. The appropriate integration is given by:

KE = 4X rY i 2 (dx) 2 (dy)2 0)
j 0 2 ph (dx)(dy) (b8)
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or

KE = 2iX (69)ph

Equating Eq. (67' and Eq. (69) finally yields a general rectangular
plate equation for deformations caused by uniform impulsive loads. The
following equation is this relationship.

0 + 2N[2
t1YJJhhF3L J hI 16 N

+~ + I . 2  7F Y- [ h1(~ (70)

We will demonstrate the validity of this solution by using clamped
(N 2) rectangular plate data reported by N. Jones. T. 0. Uran, and S. A.

Tekin. C 1 5 1 Rectangular plates with an aspect ratio (xequalto 1.695werex
loaded with sheet explosive in these experiments. Both hot-rolled mild steel
plates and 6061-T6 aluminum plates were tested and can be seen plotted in
Figure 11. Equation (69) is also shown in Figure 11; however, left and right

Ssides of Eq. (69) were multiplied by to cast it into the format of their

data. Excellent correlation appears in Figure II when Eq. (70) is compared
to experimental test results.

Unfortunately, no experimental quasi-static loading realm data exist
on dynamically loaded, plastically deformed plates, siniuly-supported beams,
or clamped beams. The analytical solution is easily developed for a plate.
The work WK performed on either simply-supported or clamped plates is
obtained by integr-.ting pw dxdy and equals:

2(N-2)
WK pw XY (71)

16N -2 o

When this work is equated to the general strain energy expression, Eq. (67),
we obtain the solution for the quasi-static loading realm of rectangular plates.

Y2/N [ 2 4 (2N-3) FX 3(N-1)4(N-2) 2(3-N)

- 1 1  2- 1+ 1 32y 24/N 2  v r(N-2)
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RESUME

These procedures and the resulting formulae comprise the structural
analysis approach that was used by SwRI to control deformations in the de-
sign of a plastically-yielding, blast-suppressing structure. This analysis
procedure yields explicit expressions for nondimensional deformations in
terms of nondimensional loading parameters. If other deformed shapes
were to be assumed, the same nondimensional parameters would occur

and would be to the same powers; however, the numerical coefficients pre-

ceding each term would have cther values. These analyses can also be
applied to shell type structir.s with no more difficulty than was demon-
strated in the development of the plate solutions. The approach is attrac-
tive because no involved solutions to complex differential equations are
required--only integrations of work, kinetic energy, and strain energies
are needed for a given structural element.

The illustrations shown in this paper have included a single-degree-
of-freedom plastic rheological model, an elastic rheological model, elastic
cantilever beams, plastic cantilever beams, plastic simply-supported beams,
plastic clamped beams, plastic clamped circular plates, plastic simply-
supported rectangular plates, and plastic clamped rectangular plates. Ex-
perimental test data obtained by other investigators have been used to demon-

strate the validity of these solutions, especially in the impulsive loading
realm. It is interesting to note that all plastic beam solutions have the
functional formats

i2L = f 1impulsive realm (73)
pcy h 3  any beam

and

pL2 = constant [quasi-static realml (74)0
c h 2  [any beam

As extensional behavior is developed by elements such as plates, these gen-

eral functional formats are:

i4 I, impulsive realm (75)

pay h 4 X plate r

and

2
h = f w 0 iquasi-static realm (76)

Sh I plates
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One could use experimental test data that had been nondimensional-
ized to graphically present solutions following these formats.
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I
ESTIMATES OF FRAGMENTATION HAZARDS FORI

SELECTED SUPPRESSIVE SHIELDING APPLICATIONS

JOHN H. KINEKE JR.
BALLISTIC RESEARCH LABORATORIES

ABERDEEN PROVING GROUND, MD 21005

INTRODUCTION

Suppressive shielding is currently being examined by the Army as a
design option for the containment of hazards which can result from an
accidental high explosive detonation. Hazards generally can be bi-
classified as products in the easeous sate and products in the solid
state. Each hazard class leads to its peculiar threats and thus each
must be assessed during a shielding design exercise. Gaseous nroducts,
the fireball and detonation products, can induce blast loading and
failure of the containing structure, fire, undesired overpressure out-
side the containing ptructure, and earth excavation. Solid products,
metal fragments, represent a penetration and perforation threat.

This paper is concerned with the assessment of fragment hazards
from accidental detonations. These hazards are typed as either primary
fragments or secondary fragments. Primary fregments are defined as
those which originate from material essentially in intimate contact
with the explosive, such as the casing of an explosive-filled artillery
shell, or the walls of an explosive melt kettle. Secondary fragments
are defined as material, usually metal, proximate to the explosive but
not in contact with it, which could undergo substantial acceleration.
In either case a penetration threat obtains.

In the following sections primary and secondary fragment hazards
are illustrated by example. In each case the procedures will be indi-
cated by which the characteristics of the fragments: speed, mass and
shape, are estimated. In addition, for each an estimate of threat in
terms of penetration into monolithic steel will be described. In
assessing both hazards and threats a worst case philosophy has been
adopted.

PRIMARY FRAGMENTS

High explosive warhea.Is are of course the principal source of
primary fragments. Their characteristics are available to anyone who
would consult the Joint Munitions Effectiveness Manual. On the other
hand explosive melt kettles are usually not evaluated for their frag-
mentation potential. One such is $he melt-pour operation on the pro-
posed 105,wm load, assembly and packout line at the Lone Star Army
Ammunition plant.

The kettle, illustrated is Figure 1, is supposed to contain about
900 kilograms of Composition B. About 6.1 meters tall, filled, usually
nearly to the top, with liquid explosive and surrounded with a steam
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jacket, it contains a concentric agitator hub, also steam-bearing, and
agitator blades. All available details of construction are shown in
FPqure 2. Wherever P.n initiation may commence, fragments will result.

Since the quantity of explosive present is variable and no infor-
mation was available on the state variables of the steam contained in
the jacket and in the agitator, only a simplistic statement caa be
made for those fragments originating from the lower explosive..fille6
portion of the kettle.

The ratio of explosive mass to metal mass for the kettle is givenby;: C PIlE (r2 ra z)
-- Q 1.024 (1)

M Psteel (r2  r 2  r4  .r 3 )

where OHE - 1.75gm/cm 3

Psteol z 7.8gm/cm3

Implicit in this calrulation is the assumption that the melter wall,
given a high order detonation, will expand without fracture, at least
until it contacts the steam jacket, requiring an expansion ratio
r3/r, z 1.2. This compares with an expansion ration at fracture for

most metal in an internally loaded cylindrical warhead configuration of
1.5 to 2; thus it is a relatively safe assumption.

Two limit calculations of fragment speed have been performed. The
simpler calculation ignores the prasence of the agitator, other than
the fact that it -tdlced the volume of the explosive by 17%, which is
reflected in the C/M above. In this case:

V T M 2.14km/sec (2)

where 42E = 2.bkm/soc for Compostion B. A second calculation, troatihlg
the agitator as rigid yields

C/t 2.18km/sec (3)

2(1 + Ar)
where A 1.6 - the expansion ratio at which fracture occurs. In either
case, since no energy consumption in compressing the agitator and the
steam contained therein, nor in compressing the steam in the outer
jacket has been accounted for, the maxir,m fragment speeds might be
expected to be S to 10% loss,

Representing the melt kettle as a relatively thin-walled cylinder,
both tensile and shear fracture mechanisms, due to'.ircumferential (hoop)
stress and the resultant of circumferential stress and radial compress-
ive stress, can be operative. Invoking a dominant shear fracture mocha-
ni_4i, with no debilitation of fragment cross-section by tensile fracture
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leads to a worst case fragment cross-section of 362.9mm2. For reason-ably equiaxed (i.e. chunky) fragments then the mean dimensions will be

n , producing a mass of:
m (chunky) = Psteel A =60.8gm. (4)

Since fracture propagation in an axial direction for internally-loaded
warheads frequently eads to sliver-shaped fragments with a finenessratio (f) up to approximately ten, a worst case rod-like fragment masscan be estimated. m (rod-like) 0 f A 4-A = 608 grams. (5)

Based on the estimated worst case fragment masses and speeds, maxi-mum fragment energies of 134 kilojoules for chunky fragments and 1340
kilojoules for rod-like fragments are calculated.

Numerous empirical correlations of the penetration capability ofsteel fragments striking mild steel targets are extant. Chosen for es-timating the penetration which could be achieved by the postulatedchunky fragment is a regression due to Tolch and Bushkovitch (reference
1): P a ".S5ml/ 3v4/3cos 0 (6)
where P c penetration in mm

m - fragment mass in gm

v - fragment speed in km/sec

0 - impact obliquity from target normal

Penetration estimated with equation (6) involves an extrapolation ofits range of validity from 1.2km/sec, the upper limit Of the data tromwhich it was derived, to 2.1km/sec; thus into a regime where penetra-
tion would be expected to become less strongly dependent upon the im-pact speed than the 4/3 power, but not less than the 2/3 power.Using a 4/3 power computation at 1.2km/sec to anchor a 2/3 power rela-tion yields, then, a lower limit estimate for the penetration threat of
a chunky fragment.

Use of a worst case philosophy with the rod-like fragments re-quires that the assumption be made that at, least in some cases, theystrike with negligible yaw (i.e. end-on). Grabarek (ref. 2) providesa means of calculating the perforation capability of non-yawed rodsagainst rolled homogeneous armor targets in terms of limit speed:

VL [ 0 3((PsecO)/)l.6] 1/2L. ... M (7)
where VL = protection ballistic limit in m/sec

D = rod diameter in mm

P = thickness of armor perforated in mm



m = rod mass in gm

6 = impact obliquity from target normal

B = empirical constant dependent on rod hardness.
With manipulation and use of r 3

m = f (8)
4

where f = length-to-diameter ratio of the rod I V 2f/ 8

P can be expressed in terms of f: P = D cos 0 L (9)

Then, the dependence of perforable thickness on. f can be written

p (f) (f)5/8 P (f-1) (0)

Fragment Characteristics are summarized below:

SHAPE QlDIKY ROD-LIKE (f = 10)

SPEED (MAX) 2.1 KM/Slit 2.1 KM4/SEC

MASS 61 GM 608' U4

ENERGY 134 KJ 1340 KJ

Sitel Protection S2-48 mo 135-205 (end-on impa.t)
Thickness Required

Consideration of steel ptotection thickness required must be coupled
with the scenario, thus necessitating estimation of the direction in
which fragments will be launched. For a spectrum of potential initio-
tion sites for detonation an upper limit to fragment polar projection
angle, measured from the normal to the kettle surface should be no more
than ten degrees, since the melt kettle is a right circular cylinder.
Thus if the kettle were located below grade, no fragment protection
would be required for those fragments originating from the eAplosive-
filled portion of the kettle, On the other hand, an above-grade place-
ment woull require steel protection upwards of 200mm in thickness. It
should be pointed that the fragment hazard described is only one aspect
of the total potential hartard. LWcated at the top of the kettle are
the explesive flake inlet and recycle inlets, together with the drive
for the agitator. This initial assessment was conducted with a dearth
of information on the geometry, mass distribution and materials at the
top of the kettle. Similarly, the ullage region of the kettle has not
been treated. Certainly in the ullage portion fragment speeds will be
substantially less than those of the explosive-filled portion. [1owever,
the less severe impetus, which leads to these lower speeds, perforce
leads to diminished comminution and thus a potentially more severe frag-
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sent penetration threat. It is unlikely that this hazard can be evaluat-
ed without a series of experiments designed to elicit the size distri-
bution of ullage fragments.

SECONDARY FRAGWNTS

An example of a secondary fragment hazard is illustrated in Figure
3. An M-374 81mm mortar shell is shown on a pallet during a fuze cavity
facing operation. The warhead itself is a source of primary fragments
whose characteristics are documented in JMEM. The worst of these would
acquire a translational energy of about 13 kilojoules. External to the
shell, however, are potential secondary fragments in the form of the
roller support and the roller rod.

Because of their threatening shape the rollers could present a
serious penetration threat. Used to support the shell on the pallet
the rollers intersect the shell periphery slightly below a horizontal
cross section. The rollers are fabricated of Delrin (o M 1.14gm/cm 3),
concentrically located on a steel rod. Since the roller-rod complex
is contiguous with the shell case, an energy-based (Gurney) calculation
of the rod speed should satisfy a worst case philosophy.

An effective ratio of explosive mass to metal mass for the roller
is given by:

c opertivemass of explosive per unit length
Sop-erative mass of case per unit length + (11)M r

Lr

a 2u 2'i tll$Ii 1

(R R2-+rr 'L (12)
- C' ( " 1 rl r rd rI rd-rd rd

L rd

u 0.194

where: effective fractional azimuthal sector occupied by the rod-
roller complex o 0.1

0 " density of Coqaosition B- 1.7Sgm/cm3

rl a density of roller u 1.14gm/cm
3

Ord density of rod 7.8gtm/cm3

0c  density of case = 7.8gm/cm 3

R = outer case radiu:% = 3.947cm

R = inner case radius - 3.348cm

A t



MORAR SHELL BODY -ROLLER SUPPORT
.SAS /045 INVESTMENT

DIEL1RIN ROLLER
ROLLE R S NAFT-

SCALE: FULL

810^m MORTAR SHELL HOLDER PALLET END VIE-W
FIGURE 3
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rrd = radius of rod = 1.588cm

rrl= outside radius of roller = 3.492cm

Lrd = length of rod = 8.255 cm

The secondary fragment hazard, then, calculated with this simplistic
model, can be defined as a steel rod of mass 127.5gm with a potential
upper limit on speed of 1.1km/sec. Realistically, the 77 kilojoules
assigned to the rod by this approach is probably an overestimation.
More reasonably, a kinetic energy less than one-fifth is probably
justifiable, if a momentum approach had been pursued. However, con-
tinuing to follow the worst case philosophy, the penetration threat re-
presented by the higher energy can be determined. With the assumptions
that the Delrin roller does not participate in the penetration process,
and that the rod could strike a shield in a non-yawed condition, with
no obliquity, application of equations (6) and (10) lead to a predicted
penetration threat of 47mm.

CONCLUSIONS

Care should be taken, in the design of suppressive shielding, to
give due consideration to both blast and fragment hazards, in order to
avoid, a serious underestimation of the protection afforded by a candi-
date structure. The cursory examinations of primary and secondary frag-
ment hazards described in this paper indicate that serious penetration
threats can be presont'in scenarios which associate metal in close
proximity with high explosive charges in the context of an accidental
detonation. In the current fiscal year the Ballistic Research Labora-
tories will be pursuing these fragment hazards as part of the Suppressive
Shielding Applied Technology Program. It is anticipated that some of
the gross uncertainties represented here, particularly with respect to
ullage fragments and secondary fragments, will be resolved. Moreover,
a set of procedures will be developed to define fragment hazards for a
variety of scenarios which may become of interest.
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Mr. A. J. Ricchiazzi
Ballistic Research Laboratories, Aberdeen Proving Ground, M)

ABS'TRACT

Penetration predictions were made for the most severe case fragment
t± 'eats for an Sliin X374 mortar shell to determine the effectiveness of
a lightweight suppressive structure. The equations predicted that a steel
rod weighing 126 grams with a velocity of 1.09 km/sec would penetrateinto the sixth plate of a six plate array for two different target arrays.

Futuro program are designed to check the validity of the penetration
equations used in this report and if necessary to modify them or initiate
the development of predictive technique which delineate the effect of
spacing.
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i. IN'RUDUC'TIUN

ballistic Researcn Laboratories were requested by the Hazardous Material
Engineering Office of the Ldgewood Arsenal to provide penetration predictions
into a ligltweiglnt suppressive structure by fragments from an 8lau M374 mortar
shell. A hasty survey of the literature on available rer.-tration c.iuaLions
was performea to dctcrmii. those that would provide the best estimate of
ballistic limit velocity, residual miss and residual velocity for the
particular problem at hand. The fragments of concern are those emanating
from artillery shell, mortar shell and fragmenting warheads which are
termed primary fragments and those fragments launched which are portions
of holding devices or other surrounding equipment which are called secondary
fragments. The panels which provide the target configuration consist of
several sheets of mild steel of varying thicknesses placed in Z% spaced
array.

A comparison of experimental data and calculated data from existing
fragment penetration equations were used as a basis of selecting
the "best" equation for predicting penetration into the suppressive shield.
Because of the spaced target configuration it was decided to use the residual
velocity and residual mass as a basis of comparison. In the following sections
the equations, panel configuration and prediction result5 are presented.
Future goals in fragment penetration into suppressive structures is also
included.

1I. 4TI"IOGY

A. Thor Eiquations

In order to calculate a first approximation of the terminal ballistic
performance of a fragment against a spaced target array the residual
velocity and residual mass of the fragment perforating successive spaced
layers mast be known. Nquations were examined in the following report.,:

Project Thor Report T-47 I 8, h Report Number 5682 and M Memorandum

seport Number 177 Estimates of residual velocity were made using
the methods of refereuce 1, employing an equation of the following form.

V VS -(lo 0* a (sec O) v jS

where VAa fragment residual velocity (ft/sec)

V. a fragment striking velocity (ft/sec)

a a plate thickness (inches)

- fragment striking mass (grains)

o - angle of obliquity (anglo beteen frapWent trajectory
and nonma to target)
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V = fragment striking velocity (ft/sec)

c, 0, 8, y and A are constants which are dependent on target material.
In this case for mild homogeneous steel c - 4.520, a - 0.889, 8 -0.352,
Y - 1.2b2 and A = O.019. Estimates of residual mass were performed using
the methods of" reference 2, employing an equation of the following form.

NS" [0 c  Ha (Sec O)Y-Vs] (2)

where MR n fragment residual mas -(grains)

1% - fragment striking mass (grains)

e - plate thickness (inches)

8 a angle of obliquity (angle between fragment trajectory
and normal to target)

VS - fragment striking velocity (ft/sec)

C, o, 8, y and A are constants which are dependent on target material.
In this case for mild homogeneous steel c 4 -2.798. a a 0.138, 8 a 0.926.
Y a 0.143 and A a 0.761.

B. Johnson Equations

In reference 3, a very detailed, systematic, statistical study was
performed on the data to obtain regression equations. An estimate of the
logarithm of the loss of velocity of a frapent perforating a target is
given by;

4
log, (V5 - V - b0  r b log,, X, (3)

Jul

VS a fragments striking velocity (ft/sec)

V* residual velocity of the largest piece of the original fr nt
after perforation of the target (ft/sec)

x1 - target thickness (inches)

x2 fragment striking as-s (grains)

A' a secant of the angle of impact obliquity of the fragment (angle
between fragmnt trajectory and nornal to target)

x4 a ftapent striking velocity (ft/sec)

where bi an parameter estimates for hamogeneous aild steel



bo a 3.90b4 (coefficient estimate)

b = 0.949b (target thickness coefficient estimate)

b2 a -0.3603 (striking mass coefficient estimate)

b a 1.2842 (impact obliquity coefficient estimate)

b4 a 0.1929 (striking velocity coefficient estimate)

An equation of this same form to estimte logarithm of the loss of mass
of a fragment perforating a target is given by:

4
log.o (Ms - " be * ; bi log 10 x (4)

5 afragment original mass (grains)

MM a fragment residual mass (grains)

XI a target thickness (inches)

X2 a fragment striking mass (grains)

X secant of the angle of impact abliquity of the fragment (angle
between fragmnt trajectory and normal to target)

x4 a fragment striking velocity (ft/sac)

bi are coefficient estimates for ionogeneous mild steel

b -2.2776 (coefficient estimate)

bI w 0.188S (target thickness coefficient estimate)

b2 w 0.9145 (striking mass coefficient stimate)

b3  0. 19S8 (impact obliquity coefficient estimate)

b4 a 0.6394 (striking velocity coefficient estimate)

C. COmparison of Thor and Johnson Equation Prediction with Uxperimental
Dsta

In the remainder of this paper equations (1) and (2) will be referred
to as the Thor equations while eqoations (3) and (4) will be called the
Johnson equations. To determine which set of equations gave the "best"
estimate of residual Pass and velocity se calculations were performed
and compared with experimental data. Althouo the number of computations
IMde are not large in number, they serve to point out the differences in

892



residual mass mid velocity utilizing the two sets of equations. These
data ar presented in Table I.

TAOU I

C04AJUSONX OF IMAL VEL TYoc (vR)

"HN t e N°  Exp. VS  Up. VR Johnson VR Thor VR
(in) (deg) (grains) (ft/sec) (ft/sec) (ft/sec) (ft/sec)

135 .125 0 6 2899 1780 1706 1463

4s .125 6o 120 4894 2815 239S 2170

135 .060 0 6o 1291 84O 783 s55

100 .132 60 240 6108 4075 3967 3858

CONPAISON OF KiESIUIAL MS (R

t B Exp. Vs EXp. . Johnson MR  Thor NR

%in) (deg) (grains) (ft/sec)' (grains) (grains) (rains)

110 1 0 240 9189 25.2 -23.8 -24.0

120 0.25 0 30 505 6.8 9.2 9.7

120 .S 0 240 S760 57.4 6#.0 71.6

120 .S 0 60 8534 11.1 -2.2 -2.9

If a comparison is made with the residual velocity computatians using
the Johnson end Thor equations with the mxporisental data, it may be observed
that the Johnson equation gave the "best" estimate for all of the cases
tested. If a comparison is made with the residual wass computations utilizing
the Johnson and Thor equations with the experimental data and obsorving
Tuble It the Jdinson equation is only slightly batter than the Thor equation.
1his may possibly be explained by the dihffcultios normally encountered in
the measurement of residual mass. Considering the treatment of the data in
reference 3, it would appear reasonable that the Johnson equations would
provide the better estinate. A regression analysis was perfonwed on over
two thousand firings in which steel fragments were fired against various
target materials. A very detailed, systematic, statistical study was
performed on the data to obtain the regression equations where confidence
intervals for mean values and tolerance intervals for eU ating individual
vaues are given by eah retression equation.
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U. Toldt Equation

The Joinson equations are applied to an array of targets as long as
there are residual fragment velocity and residual fragment mass. When a
target has succeeded in stopping a fragment or a perforation is not
obtained, a negative residual velocity or negative mass is acquired;
then it is necessary to compute the depth of penetration into that
particular target. This is accomplished in the case of a steel fragment
penetrating a mild steel target using th equation given in reference 2
which has the following form.

Pa [.112 M (v/(/10) 4 1 c 0 ()

where

P - penetration (inches)

4- fragment a&ss (oz)

" V * fragent striking velocity (ft/sec)

0 " owoinse of the angle of impact obliquity of the fragment (ne
between fragment traectoW and nom~l to tArget)

The above equation (5) is pod for angloa up to .* according to the
report because this is b tsd on treular b b fragments penitrating
mild steel and it is refered to a the .Tol.h o.qatica"

111. CLWM.PrATlIA PM UM

A. Panel Configurations

Computations were performed using fragment data for an Slw M374 mortar
shell for two different suppressive structure panels consisting of Z bars
and spaced mild steel plates. Figure I shows the panel configuration and
thicknesses of mild steel plates. The last two plates in each panel
array are louvered '?lates. The plates am spaced a small distance apart
utually about 3/16" (.181T")

is. Penetration Prediction for Panels

Penetration predictions were made using the main threat fragments from

an alme M374 mortar shell as selected by Ainko in *RL IAR 190 4 for the
two panel configurations shown in Figure 1. The fragment threats for
panel I are presented in Table 1I along with the plate number the fragpent
stopped in and the penetration depth in centigeters, The calculations were
pa"fdormed uing the method$ of reference 3 (Johnson equations and reference
2 (Tolch equation)). The computations were made using the fragent mass
and velocity presented in Table II as striking mass and velocity into the
first plate (Z bar) of the panel and a residual mass and velocity were
calculated uing the JohnSoa equations. The Midual mass and velocity
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obtained from the first plate (Z bar) became the striking mass and velocity
impacting the second plate of the panel. 'Tlhis procedure was continued until
a negative mass or velocity was obtained which indicated that complete
penetration had not occurred in that particular plate of the panel. Using
the residual mas and velocity of the fragment from the previous plate, a
depth of penetration was calculated for the plate penetrated, but not perforated.
The number of i.he plate the fragment stopped in is presented in Table
II and the equivalent thickaess of penetration using secant of the angle
of oblijuity is also shown. Penetration predictions were made using the samo
methods and .!rgent threats just described, but for the plate configuration
of pael 2. These results are Liste4 in Table Ill.

TAMILU II

PLNLT3AT14U STIMATU FOR PPXUL I

Freg. Hass Type Velocity 1/3 MV2  Plate No. Frq Pentratioa
No. (grams) Prag'" (kmsoc) (I Joules) Stoppd In (cM)"'

3 1.64 (S) 1.9 3.22 1 0.66

5 272.48 (A) 0.63 53.19 4** e  2.08

7 43.46 (5) 0.7# 15.13 3 1.09

6 4.S (9 2.04 10.19 1.LI?

9 4.64 (5) 1.92 4.$55 3 1.09

12 261.14 (A) 0.$3 37.15 4'" 1.65

role1r 70'.4. - -) 0.77 31.00 3 1.50

rod 17.53 (6) 1.09 7$. 6 2.29

• (S) Sholl c"e

(A) Aluaagws trawu

**M*U*tes uo-i.Ag o utioa in ALM 1777 and WU S68

"**FragfAnt is Aluinw while estimate is for steel (an aluminum fragamt
will, ""t "Wmo wat Ash as stool).
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TABLE III

PSITrATION £STIIWEE FOR PL 2

Frog. mass Type Velocity 1/2 MV2  Plate No. Frog Penetration
No. (&rm) flae (kM/sec) (K Joule) Stopped Is (ca)

2 1.64 (S) 1.9 3.22 2 0.76

S 272.45 (A) 0.63 53.29 S*0 2.06

7. 43.46 (S) 0.75 13.13 3 1.19

6 4.69 (S) 2.04 10.19 3 1.14

9 4.04 (5) 1.92 8.55 3 1.12

12 261.14 (A) 0.53 37.IS 40 "  1.75

"01lot 70.45 (3) 0.77 21.00 4 1.60

CS 127-S3 (S) 1.09 7S.76 6 2.29

"(5) Shell case

(A) Albaiws fraeat

*.k.stied s tag eq Ltts is MW 1777 a"d 551* 565

*'Frapsat is alumnas while estimte t steel (an 1uasim ff 4nmt will
not pauM tot U a maC s steel).

A stut of the penetration mults of pael 1 a I Soa n in Table It would
.arpe to uditcatm that all fraets n stuppe t -4 "NWrn: succesafu!iy
Veins the assuwticn ad methods in -atod. aeantialty the sea results
sMAy be berved for paee 2 in Table III where, all frapeAts are stopped In
the pael. The fraents ar sprese4d i*n different plate$ become of the
toret pewl thickasses, Any coqonent plate of either panel array should
'. - thicker mtemnk for safety cofif",loam for thi shell threat.

IV. Fun" No"
The suppressive str..wes study involvig "L il relatim to penetration

of a struture by a frmat threat has wo major t al yive:

I. to provide test suppot for supressive structures.

2. to provide recknical spport.
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Experimnactal tests will be conducted to measure behind the target
effects, residual mass, residual velocity and spatial distribution of
the pre-impact fragment. These data are required to check the validity
of existing fragment penetration equations and if necessary modify them
or initiate the development of ne equatios which delineate the effect
of spacing. Field tests of full s3Cl paneS will be conducted to provide
end proof testing.

V. (DNCLLSIONS

At the time this study was performed, the confidence using the Johnson
equations to predict fragment penetration into spaced structures had not
been fully tested. It was noted that the residual masses predicted by
this method differ appreciably from those estimated by Thor equations.
The uncertainty of the results as a consequence of the uncertainty in
residual mass was not studied. The degradation due to holes in the zenter
layers of the spaced panel stuiature was not taken into account in the
predictions.

In conclusion, it is estimated that either of the two panel config-
urations will. stop any of the given fragment threats. The most severe
threat in the 7$.76L1 rod for which the margin of safety is very slim.
For coWlson purposes then, a aininal ahell thickness of 1.0 inch rhould
be comsidered in the Malysia.



REiFERENCES

1. Ballistic Analysis Laboratory, Johns Hopkins University, "The
Resistance of Various Metallic Materials to Perforation by Steelr Fragments; Empirical Relationships for Fragment Residual Velocity
and Residual Weight", Project Thor Techn~ical Report No 47,
April 1961.

2. Tolch, N. A. and Bushkovitch, A. V., "Penetration of Mild Steel
by Bonib Fragments", 13RLR 568, August 1945.

3. Johnson, J. R. and Mioduski, R. E., "Eistimation of the Loss of Velodty
and Mass of Fragments During Target Perforation (U)", BRLM 1777,
Sepicember 1966, CONFIDEiNTIAL.

4. Bertrand, B., Brown, C., Dunn, U. J., Huffington, N. J. Jr., Kineke,
J. H. Jr., Kingery, C., Meissner, R., Ricchiazzi, A., Robertson, S. R.
and Vitali, R., "'Suppress3ive Structures A Quick Look", BilL INR
190, February 1974.

899



AIRBLAST ATTENUATION BY PERFORATED PLATES

BY

CHARLES KINGERY

U.S. ARMY BALLISTIC RESEARCH LABORATORIES
ABERDEEN PROVING GROUND, MARYLAND

INTRODUCTION

BACKGROUND

The U. S. Army is continuing with the modernization of munition
processing facilities under the Production Base Modernization Program.
One phase of the overall program is to develop a technology base for
suppressive shields which will allow the preparation of an engineering
design handbook.

The basic requirements in the design of suppressive shields for
application to munition production lines is to contain the fragments
and attenuate the blast developed from accidental explosions.

The Ballistic Research Laboratories (BRL) have the prime
responsibility for conducting the applied technology phase of the
suppressive shield development program. This includes the definition
of the fragment and blast environment created from an explosive
detonation within a suppressive structure, the structural loading and
response, the containment of primary and secondary fragments and the
attenuation of blast. This paper will report on current work
associated with blast attenuation.

OBJECTIVES

The objectives of the overall program in blast suppression are
as follows:

1. Evaluate the parameters effecting the performance of
suppressive structures in attenuating blast.

2. Develop an understanding of the phenomenology of blast
suppression to permit a logical, efficient design of blast suppressors.

The experimental phase of this program has just begun and the
presentations are made to show the general approach to the problem
and the initial results to date.
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THEORY

Attempts have been made to establish a theoretical treatment to
describe the attenuation of shock waves passing through orifices and

other restrictions23456 In general the theories developed are
restricted to limited ranges of incident peak overpressure, vent area or
geometry. Therefore the researcher usually resorts to empirical sol-
utions for ,pecific problems. This paper will present some preliminary
experimental results associated with a specific problem.

DESIGN OF EXPERIMENT

APPROACH

The experiments were conducted in the 4 inch diameter shock tube
located at the shock tube facility at BRL. Emphasis was put on the
study of the effects of single parameter variations. The two variables
being reported on are the effect of vent area and peak overpressure.

SHOCK TUBE

The shock tube used was 4 inches in diameter with a compression
chamber length of 12 inches. From the diaphgram to the test item is 100
inches. From the test item to the end of the tube is also 100 inches.

4 A sketch of the tube, showing the location of the test item and the
pressure transducers is presented in Figure 1. The short compression
chamber develops a pealad shock wave representative of a shock wave
generated from a high explosive detonation. The range of peak over-
pressures used for this study was from 200 psi down to 50 psi.

INSTRUMENTATION

Instrumentation required for documenting the overpressure versus
time at specific locations in a shock tube usually consists of a trans-
ducer, an amplifier and a recorder.

The transducers used for this series of shots were a piezoelectric
type with a Tourmaline crystal, Model ST-4, manufactured by the Sus-
quehanna Instruments Company.

The amplifiers were Kistler charge amplifiers Model 566.

The recorders were Techtronic Dual Beam scopes Model 502-A.
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ORIFICE PLATE DESIGN

The orifice plates were designed to investigate the effect of vent
area on blast attenuation versus input pressure. The plate designs are
presented in Table 1. The thickness of the plates are .25 inches and
the diameter of the holes are .5 inches.

TEST RESULTS

VENT AREA VERSUS PEAK OVERPRESSURE

The hole size in the orifice plates was held constant (0.5 inches)
and the three different venting areas were exposed to three pressure
levels. There is an inherent blast attenuation as the shock front
propagates down the tube. Therefore the magnitude of the shock
pressure was documented at the six stations for the three input
pressure in order to determine the target input pressure (PTI) and
the transmitted pressure at station 6 with a 100 percent vent area
opening. The values of transmitted pressure at four stations down the
tube for the three input pressures are presented in Figure 2. The
target input pressures established from figure 2, by interpolating
between station 3 and 4, are used as a basis for establishing the
blast attenuation effects of the different vent areas.

The target input pressures (PTI) versus the transmitted pressure
(PT) for the different vent areas are listed in TaW' 2 and plotted

in Figure 3.

To determine the blast attenuation, and take into account the
attenuation associated with the tube, a comparison must be made
between the transmitted pressure at station 6 with a 100 percent
opening and the pressures at station 6 with the other percent openings.
The percent attenuation is determined from the following expression:

PT(IO0 percent) - PT(VA percent)

PT O Percent) 100 = Percent Pressure Attenuation

This percent pressure attenuation is listed in column five of Table 2.

DISCUSSION

It should be noted again that the results obtained from this
series of tests are based on a constant hole size (.5 inch diameter).
The effect of hole size will be the next parameter to be investigated.
Although the data presented in Table 2, and the family of curves
developed in Figure 3 are quite consistent more tests are being
planned for other vent areas and input pressures.
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The results presented in column five of Table 2 show no effect
of target input pressure on blast attenuation over the range tested.
Therefore an average of the three values for each percent vent area was
plotted in figure 4. With the end points fixed one can extrapolate and
determine the percent attenuation to be expected for the full range of
percent openings with 0.5 inch hole size.
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TABLE I

ORIFICE PLATE DESIGNS

VENT AREA NUMBER OF SPACING OF

PERCENT HOLES HOLES (INCHES)

0 6 . 1.10

25 16 0.80

50 32 0.56

AREA PERCENT = VENT AREA x 100TOTAL AREA

TOTAL AREA = 12.566 IN'

HOLE SIZE z 0.50 INCH DIAMETER

HOLE SPACING MEASURED CENTER TO CENTER
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TABLE 2

TRANSMITTED OVERPRESSURE VERSUS TARGET
INPUT OVERPRESSURE FOR DIFFERENT VENT AREAS

VENT TARGET INPUT TRANSMITTED PRESSURE
AREA PRESSURE PRESSURE (STA. 6) ATTENUATION

PERCENT PSI PSI RATIO PERCENT

49 37 NA NA

100 113 93 " "

189 156

.49 30 .81 19

50 113 72 .77 23

189 127 .81 19

49 22 .59 41

25 113 54 .58 42

189 94 .60 40

49 14 .38 62

10 113 33 .35 65

189 60 .38 62
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200 PSI PROOF TEST OF THE 81mm SUPPRESSIVE SHIELD

Mr. A. H. Lasseigne
General Electric Co.

Bay St. Louis, MS

DIGEST

Tests were conducted to obtait, preliminary data on the structural loading
and response characteristics in excess of its design range of a typical
full scale suppressive shield, when subjected to overpressures of 200 psl
resulting from detonation of a centrally located 35 lb. bare spherical
charge. The 81mm prototype suppressive shield, located at the NSTL Kellar
Road Test Range, was used for these trials. All major column structural
members failed as a result of maximum tension load being developed where
the sides of the column were welded to the side beams. This was a result
of the roof beams being forced upward while the side columns were being
forced outward.

(Mr. Lasseigne nresented a summary ,f Edgewood Arsenal Technical Memorandum
EA 4E33K "200 psi Proof Test of the 81mm Suppressive Shield."' This document
will be placed with the Defense Document Center, Cameron Station, Alexandria,
VA 22314 and may be ordered in the regular manner from DDC by authorized
users.)
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SUPPRESSIVE SHIELDING CONCEPT AS AN ANTIPROPAGATION BARRIER

FOR THE 81ms, M374 HE MIRTAR ROUND

by

Alfred K. Keetch
Test Operations Directorate

US Army Dugway Proving Ground
Dugway, Utah 84022

SUMHARY

An engineering design test program was initiated to determine the
effectiveness of suppressive shielding as an antipropagation barrier for
the 81-- high explosive mortar round.

This test program was conducted in two phases. Phase I consisted of
eight tests designed to establish an optimum safe separation distance

between mortar rounds with and without sleeve-type shielding. Phase II
was a single trial effort incorporating the sleeve shielding into a
container configuration to demonstrate that detonation propagation can
be greatly reduced or completely avoided using this concept.

The test results Indicate that suppressive shielding is effective in

preventing propagation of detonation between 81= Wortar rounds. Hwever,
the number of tests conducted was Insufficient to statistically confirm
the results with any degree of reliability.

Similar tests are plannad to further i4vestigate suppressive shielding
concepts for various applications-in support of the amnitou plant
maderuizat ion program.

The safety of personnel apd the protectiti of equipmaent and facilittis
at production planto deonds a aolutlon for reducing the propagation of
detonation hazards itherent In anufaeture, loading, h ndlin$, trons-
porting, and titurage of *monition. Suppre"sive shielding is a proaisin.
candidate for solvtng.this probla..and is also lsag costly than other
proposed aethods.

Vented tall and perforated shield cmctpts are being corwiderted for
use in the plant soderntixation progr a. The limiteO teating conducted
to date indicates that di.tanttes between loading operatiocs can be offec-
tioely reduced with the use of vented separatore
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The testing outlined in this paper was conductee to further demonstrate
the capability of suppressive shielding in preventing propagation of
detonation between 81in HE mortar rounds.

DETAILS OF TEST

Phase I - Safe Separation Test for 81n Mortar Rounds

This test phase consisted of two parts:

Part I dealt with establishment of an optimum safe separation distance
between morter rounds using perforated shielding.

Part II dealt with performing comparison tests to demonstrate that
detonation propagation would occur when shields were not used between

ounds.

The shield sleeves for Part I were fabricated from 1/8-inch thick
perforated steel plate with a pattern of 1/4-inch diameter perforation,
located on .413 inch by .413 inch by .510 inch centers as shown in
Figure 1.

4

+ -1

-;-i.6"

u1Sure L Perforated Pattern of Perforated Plate
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The sleeves were both rectangular and cylindrical in shape. The
dimensions of the rectangular sleeves varied from 22" x 5.2" x 5.2" to
22" x 11.2" x 11.2". The cylindrical sleeves were 22 inches in length
and 5.2 inches in diameter.

A typical test setup for five of the six trials of Part I is shown
in Figure 2. It consisted of four acceptor rounds arranged radially with
the shielded donor round at the center. The distances from the donor
round to the shield wall varied from 1 to 4 inches. The distances from
the donor round to the acceptor rounds varied from 2 to 8 inches.

The test setup for the sixth trial of Part I is shown in Figure 3.
It consisted of the four radial acceptor rounds and the center donor all
arranged within a five compartment sleeve shield. This trial was designed
to evaluate the effects of double layer sh! Iding. Distance from the
donor to the first layer of shielding was 1 inch. Distance between the
two layers of shielding was 0.5 inch. Distance from the donor round to
the four acceptor rounds was 2.75 inches edge to edge.

The test of Part I exposed 24 acceptor rounds to the detonation
effects of a shielded donor round. The separation distances varied from
2 to 8 inches. No detonation propagaticn of acceptor rounds occurred
during these tests. A partial explosion of one acceptor round was recorded
at a separation distance of 2 inches. These tests demonstrated that
detonation propagation can be effectively reduced or avoided when shielding
is used between rounds.

In Part II tests shields were not used between rounds. A typical
test setup is shown in Figure 4. The radial arrangement of the four
acceptor rounds with the donor in the center was also used in these tests.
SeparAtion distances between acceptor and donor rounds again varied from
2 to 8 inches.

Eight acceptor rout0s were exposed to donor detonation in the Part I1
tests resulting i'.t detonation of seven of the acceptor rounds and explosive
propagation of tho eighth. These tests demonstrated that there iR a
high probability of propagation between rounds with a separation distance
of less than 8 inches.

Primary fragment analysis was used to determine degree of propagation
in these tests. Figure 5 shows a comparison of these fragments from
the Part I (trial 7) shielded tests and the Part II (trial 8) unshielded
tests.
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PHASE II -Propagation Test of a Suppressive Shield Container for 81mm

Mortar Round

This test phase consisted of a single trial incorporating the
perforated shield sleeves into a container configuration. The purpose
of this test was to demonstrate the Production Pallet/Transportation
Module concept as mentioned by Mr. Paul King during the morning presentation.

The suppressive shield container was fabricated from identical 1/8-
inch perforated plate as the sleeves of the Phase I tests. The perforated
plate was formed into cylinders 22 inches in length and 5.2 inches in
diameter. The cylinders were assembled within a perforated box in a
3 x 4 pattern as illustrated in Figure 6. Spacing between the cylinders
was 0.5 inch outside edge to outside edge. A detachable lid of perforated
material served as a top to the container.

The suppressive shield container was placed on wooden stakes 2 feet
above the ground as shown in Figure 7. This was to reduce the effect
of blast reflection from the ground and also to aid in photographic
coverage.

The donor round, seven acceptor rounds, and four dummy loads were
placed in the container as shown in Figures 8 and 9. All mortar rounds
were positioned base (fins) down in the container. Distance between the
donor and acceptor rounds varied from 2.75 to 9.1 inches. The dummy
loads were used due to a limited number of mortar rounds on hand. The
dummies were the same length and mass as the mortar rounds to simulate
effects.

The donor round was statically detonated as shown in Figure 10.
Large fragments can easily be seen projecting from the test package. The
detonation was also recorded by motion picture photographs at 24, 1.000,
and 10,000 pictures per second.

Primary and secondary fragments were recovered at distances up to
-470 feet from the point of detonation as shown An Figure 11. Primary
.'fragments and explosive residue for the acceptor rounds (Figure 12) were
analyzed. Tho results of the analysis indicated that no detonation pro-
pagation occurred. Damage sustained by the acceptor rounds was categorized
using the guidelines of Table 1.
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TABLE I. DAMAGE CATEGORIES FOR ACCEPTOR ROUNDS

1. Detonation propagation. Fragments in the same size range as donor.

2. Explosion propagation. Significantly larger fragments with little
or no residual explosive.

3. Physical rupture or conflagration. Very large fragments with

residual explosive.

4. Physical damage. Fragment penetrations with explosive intact.

5. No damage. Minor fragment scars with no penetration.

The first layer of acceptor rounds, impediately adjacent to the donor,
were assessed as damage category 3. The second layer of two acceptor
rounds (Figure 13) were assigned categroy 4 damage. The two remaining,
third layer acceptor rounds (Figure 14), with added shielding by other
acceptors and furthest from the donor, were virtually undamaged and were
classed as damage category 5.

One round from the second layer, category 4 group experienced an
unusual deformation of the booster cup as shown in Figure 15. It appears
that a negative pressure developed during the donor detonation causing
the abnormality.

The cylinders of the suppressive shield container were analyzed for
damage and also categorized using the guidelines of Table II.

TABLE II. DAMAGE CATEGORIES FOR SUPPRESSIVE SHIELD CYLINDERS

1. Complete destruction of the cylinder.

2. Major tearing and deformation of the perforated plate.
Separation from neighboring cylinders.

3. Minor tearing and deformation of the perforated plate.

No separation from neighboring cylinders.

4. Minor fraguent penetration with no tearing or deformation.

5. No damage.
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Damage to the container cylinders (Figure 16) varied according to
distance from the donor. The donor cylinder was completely destroyed.
(Damage category 1). The eight cylinders adjacent to the donor were
assigned damage category 2. The three remaining cylinders, furthest from
the donor, were classed category 2+. The plus (+) was assigned because
the cylinders had minor tearing, major deformation and separation from
neighboring cylinders. Explosive residue from the acceptor rounds im-
pinged on the surface of most cylinders. Damage sustained by the top,
sides, and bottom of the container is shown in Figure 17.

CONCLUSION

Testing performed to date is insufficient to statistically confirm
results or make judgement with any degree of reliability. However, it
is evident that the suppressive shielding concept has potential as an
antipropagation barrier. The concept as tested in this program should
be investigated for application to in-plant handling of 81umn, and other
medium caliber rounds. This concept offers maximum benefit for minimum
payload loss. It is also recommended that the suppressive shielding
concept be offered to Department of Transportation for investigation or
incorporation into the containerized munitions program.
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Figure 2. Typical Test Setup of a Port I Trial with Shielding.
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Figure 3. Test Setup for the Sixth Trial of Part I with Five

Comupartmen~t Shield.
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Figure 4. Typical Test Setup of a Part 1 Trial without Shielding.
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Figure 5. Primary Fragments Anal.yzed to Determine Degree of Propagation.
Note: Comparison of Fragments fromn Shielded Test (trial 7)
and unshielded test (trial 8).
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Figure 13. Second Layer Acceptor Bounds. Damage Category 4.
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Figure 16. Damage to Container Cylinders from Donor Detonation.
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DE4ILITARIZATION CONSIDERATIONS OF TOXICS

ASSOCIATED WITH EXPLOSIVES

Presented By
ALBERT L. WASqHLER

OFFICE OF THE AMC PROGRAM MANAGER FOR

DE4ILITARIZATION OF CHEICAL MATERIEL
Aberdeen Proving Ground, MD

Today, I am going to present a summary of events leading to the
current approach being applied in disposal of lethal chemicals in bulk
and munitions; also, with the ongoing program at Rocky Mountain Arsenal
as my illustration, provide some insight into the process selection and
operational practices now being utilized at Rocky Mountain Arsenal.

A number of public laws have come into being which restrict transport
of chemical material and drive us in most cases to on-site disposal. Since
the cancellation of CHASE 69, which was a planned sea dump of chemicals and
chemical munitions, the demil program has grown dramatically. Now we have
39 geographically dispersed projects, each complex in its own right. A
large number of agencies within DOD as well as external to DOD are involved.
The program experiences high visibility from political and public point of
view. We are now undertaking tasks never accomplished on such a large scale
before. In many areas, we are pushing the state-of-the-art, particularly in

the field of pollution abatement. As a result of growth of the program, in
October 1972, AMC established the Office of the Program Manager for Demili-

tarization of Chemical Materiel. This centralized the mission of managing

the preparation for and disposal of lethal chemical agents and munitions.

Workload. Chemical munitions and agents were produced and are stored
at Rocky Mountain Arsenal. Today I would like to describe a portion of the
demilitarization program - the ongoing demilitarization operations at Rocky
Mountain Arsenal in Denver, Colorado. At this time, the mustard disposal
operation has been successfully completed and work is continuing on the
M34 and demilitarization of other lethal chemical material at Rocky Mountain
Arsenal. Not only have we begun the demilitarization of the M34 clusters
(on the 29th of October), but our schedules for disposal of this cluster
form the base point around which we built our plans for disposing of the
portion of the remaining stockpile at Rocky Mountain Arsenal.

You can see the cluster on this vugraph (VG 3) as it is being down-
loaded in a declustering cubicle. It is a one-thousand pound class bomb,
produced for the Air Force at Rocky Mountain Arsenal and stored at that
location. In this program we are disposing of 21,115 of these clusters.

The clusters were originally planned to be disposed of in Operation
CHASE 69. When that operation was suspended, the National Academy of
Sciences recommended that we dispose of these clusters onsite at Rocky
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Mountain Arsenal. There are personnel at Rocky Mountain Arsenal who are

experienced in the handling of the nerve agent GB, its manufacture and the

filling of it into various munitions. It was felt that this expertise

could certainly be applied to the demilitarization program. Also, there

are facilities at Rocky Mountain Arsenal which, with some modification,

could be adapted to the demilitarization process.

The next vugraph (VG 4) shows you the cluster as it is currently
stored in the toxic yard at Rocky Mountain Arsenal. It is 78 inches long

and 19 inches in diameter. This cluster contains a series of smaller bombs
called the M125 bomb. There are 76 of these bombs arrayed in four bundles
of 19 bombs each. Each bomb contains 2.6 pounds of the non-persistent lethal
nerve agent GB and a little over 1/2 pound of explosive in the form of the
central burster. In excess of 883,000 pounds of explosives and almost 4.2
million pounds of the agent are being disposed of in this demilitarization
program.

The process that we are employing to demilitarize the M34 cluster is
shown on this next vugraph (VG 5). As I discuss each major step in the
process, I will show pictures of the major pieces of equipment on the screen.

From the toxic yard, the cluster is brought into the disposal facility
shown. (VG 6). This is the same building in which M34 clusters were filled
marr years ago at Rocky Mountain Arsenal. We have modified and adapted it
to the demilitarization of that cluster, At the outset, given our stringent
safety criteria, we made an assumption. We assumed that one entire cluster
could somehow explode during the demilitarization process, although such a
possibility is extremely remote. The building as it was originaly designed
is not strong enough to withstand that explosive force. For example, the

plenum chamber was designed to withstand an overpressure of 5 pounds per
square inch. If one cluster went off, 7 pounds per square inch would be

generated. Thus the plenum chamber had to be modified. Also, the interior
walls of the building have been strengthened through the addition of
structural steel. Today, when you walk into the facility, it almost looks
as if you are entering a battleship.

Before we leave this vugraph, I would like to describe the extent to
which we have had to go in pollution abatement. In the lower part of the

picture is the exhaust scrubbing system. It consists of five separate
scrubbing banks and a 200-foot dilution stack. Its function is to accept
the contaminated air from the work area which flows through the 5-foot
ductwork and scrub it before the exhaust is emitted into the atmosphere.
In order to meet the very stringent limits placed on release of agent GB
into the atmosphere, established by the US Surgeon General, this system
has to be 99.995% efficient. We exceed that efficiency requirement.
After renovation of the system, modifing it and testing it, we are achieving
up to 99.9989% efficiency. I cite these numbers merely to indicate to you
the extent that we've gone in pollution abatement in the dedilitarization
field.
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Upon arrival in this facility, each individual cluster is placed
in a gas leak-proof, explosion-proof cubicle where, using sophisticated
remotely controlled equipment, it undergoes a declustering operation.
The picture on the screen (VG 7) shows you one such piece of equipment.
This is a computer programmed mechanical arm designed to remotely pick
up each one of 76 bombs, remove it from the cluster and then place it
into a staking device. In the staking device the impact functioning
fuze is deformed to prevent it from activating during the remainder of
the demilitarization process. Also, the parachute. cup is staked to the
wall of the bomb to prevent the parachute from deploying during the re-
mainder of the process. Following this, the bomb is remotely conveyed
to a station where holes are punched into the wall of the bomb, and the
agent is drained off. Then the bomb body with the agent removed, but the
explosive component still in it, is remotely conveyed to a shearing sta-
tion. At this station, a guillotine-like device pierces through the wall
of the bomb and shears the central burster away from the impact function-
ing fuze. In the next step of the operation, the bomb is remotely conveyed

into a deactivation furnace shown on the screen (VG 8).

This is nothing more than a rotary kiln which heats the bomb parts to
a bigh temperature. Since the central burster has been sheared away from
the impact functioning fuze, the explosive compoent will merely burn off
rather than detonate in high order fashion. Following deactivation, the
metal parts are conveyed to a high temperature decontaminating furnace
(VG 9). By incinerating the metal components, we assure that all traces
of nerve agent have been completely thermally degraded before the metal
parts are taken to the salvage yard for disposal. Returning to the punch
and drain operation, let us look at what happens to the agent. It is
pumped to a nearby facility for destruction- as shown on the screen (VG 10).
This is the same building in which we originally manufactured nerve agent
GB. It has been modified for destruction of that same agent. GB is de-
stroyed by chemically neutralizing it with caustic (sodium hydroxide). This
reduces the agent to a brine solution which is then spray-dried in equipment
shown on the screen (VG ii). Thus the liquid solution is reduced to the
solid salt form. The dried salts are loaded in 55-gallon drums and placed
into temporary storage. The status of this program is shown on the vugraph
(VG 12). As you can see, we began its design in the Fall of 1969. It has
taken a long time to bring onstream, principally because this is the first
time an effort of this nature has been undertaken and the equipment and
facility are complex. We began sustained disposal operations 29 October
1973 and expect to complete the demilitarization of the M34 cluster in the
Fall of 1976.

Using the M34 cluster program as a base, let us now look at the plans
for disposal of the remaining chemical stocks at Rocky Mountain Arsenal.
As announced by Mr. Callaway, Secretary of the Arqr on 4 October 1973,
the JCS determined that the portions of the deterrent stockpile of chemical
agents and munitions stored at RMA need no longer be retained. Based on
this, detailed plans have been developed for disposal. Our workload re-
quirements are as shown on this next vugraph (VG 13). As you can see, the
RMA stockpile of GB is contained in large underground storage tanks, ton
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containers, the weteye bomb and the Honest John warhead, with its com-
ponent M139 bomblet. In this program, we would dispose of over 2,200
tons of the nerve agent GB. At the same time there are over 1,000 tons
of the obsolete agent phosgene which must be disposed of, contained in
ton containers. Phosgene is the commercial chemical, carbonyl chloride.

In addressing our tasks, we will be demilitarizing and disposing
of all GB stocks at Roc1o Mountain Arsenal. Also, we are planning for
the sale of phosgene to the USAF or the conversion of the materiel by
government, onsite, to a useable product, HCI.

The criteria applied to our planning for disposal recognized the
need to dispose of stocks at Rocky Moutain Arsenal at an early date and
a major criterion was maximum acceleration of our disposal schedules. A
hallmark of the study was optimum use of concurrent disposal operations.
While accelerating our schedules, we knew that we still had to maintain
a high standard of safety and environmental control.

First, the Honest John warhead shown on this vugraph (VG 14). Its
demilitarization will be accomplished using procedures and equipment quite
similar to that which will be employed in the M34 demilitarization facility.
Plans are for the Honest John warhead to be demilitarized concurrently with
the M34 demilitarization program in another facility. The werhead contains
368 GB filled M139 bomblets. The bomblet, shown on this vugraph (VG 15),
contains 1.3 pounds of the nerve agent 1B and about .16 pounds of explosive.
Thus, the total warhead contains 478 prinds of agent and almost 60 pounds
of explosives.

The process which will be employed to demilitarize the Honest John
warhead is shown on this next vugraph (VG 16). The process differs from
the M34 in that once the warhead is opened, the bombs are removed from the
warhead and placed on the conveyor manually. The balance of the operations
are remote.

Our second task involves the disposal of GB in ton containers, in
large underground storage tanks, ind in the weteye bomb. Since the pro-
cedures for the destruction of the agent are similar, I'll discuss this
as one task.

First, let's look at the ton container itself. It is shown on this
next vugraph (VG 17). It is a commercial container, used to store and
transport hazardous liquid. It is very sturdy with steel walls about
9/16 of an inch thick. Each ton container contains approximately 1500
pounds of the agent.

The weteye bomb is shown on this next vugraph (VO 18). It has a
thin aluminum case, is 86 inches long and contains 350 pounds of the agent.
It does not have an explosive component.

The process by which we would destroy the bulk agent is shown on this
next vugraph (VG 19).
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In the case of the weteye, the bomb is bought into the disposal
facility and placed into an unloading area which is under negative
pressure. Holes are punched into the walls of the bomb and the agent
is drained off and destroyed in the M34 neutralization facility.

The procedure with the ton container is similar. It is brought
into an unloading booth which is under negative pressure and evacuation
hoses hooked up to the ton container valves. The agent is evacuated and
destroyed in the M34 neutralization facility. In both cases, the metal
components are decontaminated and treated at high temperature to assure
that all traces of agent have been removed, prior to disposal as scrap.

The bulk GB in underground storage tanks is pumped directly into
the M34 neutralization facility for destruction. The storage tanks will
then be decontaminated and retained as a part of the mobilization base at
Rocky Mountain Arsenal. This latter operation Is in the operational phase
and is scheduled for completion on 28 December 1974.

Our last task is the disposal of obsolete phosgene. It is stored in
ton containers in the toxic yard at Rocky Mountain Arsenal as you can see
on this next vugraph (VG 20) and each ton container contains approximately
1500 pounds of the agent.

In summary, using our ongoing M34 cluster demilitarization program
as a base, we will concurrently detoxify the bulk agent GB, the Honest
John warheads, and transfer the phosgene. To do this, we plan to construct
a new facility for the Honest John demilitarization by adding to an exist-
ing building in the GB plants area. We awarded the contract for design and
construction of this new facility in January 1974.

Rocky Mountain Arsenal experience is serving as a base for accomplish-
ihg the mawi other chemical disposal tasks facing us at other sites. We
expect to benefit by this experience and continue this program while main-
taining the highest standards of safety and environmental control.
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AMC DEPOT DISPOSAL SYSTEM
Mr. J. L. Byrd

AMC Ammunition Center, Savanna, IL

MODULAR DISPOSAL PROCESSING FACILITY

I. INTRODUCTION

a. There are a variety of materials generated at an Army Depot that have

historically been disposed of by open burning and detonation for munitions and

combustibles, and land fill for inert and domestic wastes. Current disposal methods

do not meet present and proposed pollution abatement criteria, hence the AMC

Ammunition Center was assigned a project by Headquarters Army Materiel Command

to recommend new methods for disposal. It appeared possible to use the system con-

ceived for ammunition related waste for all solid wastes generated at an Army Depot.

b. In order to evaluate the feasibility of this enlarged concept a data acquisi-

tion phase was initiated to determine the current state-of-the-art that could be

applied to a flexible disposal system. Economics dictate that some methods of burn-

ing and detonation are the most advantageous techniques for disposal of energetic

materials. The area of greatest concern is performance of these techniques without

causing pollution to the environment. It was found that commercial equipment and

operational techniques for performing specific ecologically acceptable burning and

detonation existed at scattered industries, research and development laboratories

and government activities. These equipment and operations were fluidized bed re-

actors for incineration of combustibles, confined detonation chambers for explosives,

slurrying techniques for incineration of energetic materials, water removal of case-

bonded missile propellants and granulation of rocket propellants. The Center's con-

cept brings together the existing equipment development and operational techniques

to provide for a modular disposal processing facility for Army Depots' explosives and
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solid waste. Other processes such as over-fired open pit incinerators were investi-

gated and found to be severely limited or not acceptable for disposal of energetic

materials.

c. Section 211 of the Solid Waste Disposal Act, as amended, requires that all

Federal agencies establish guidelines on proven procedures for operation of solid

waste management systems. The development of processes and/or procedures which

can serve as tho basis of adequate hazardous waste management practice require (1)

the identification of materials for which adequate methodology does not exist or is

economically untenable, and (2) the creation of adequate processes or procedures.

II. PURPOSE

a. To develop an environmentally acceptable disposal processing facility for

AMC depots to process "explosive waste" and include the flexibility and variety

of capabilities in the disposal system to accommodate all waste materials generated

by depots in the accomplishment of their missions. A major objective is the demilitari-

zation of those munitions that current disposal technology limits to open burning and/or

open detonation.

b. These objectives can be accomplished as follows:

(1) A modular thermal disposal processing facility utilizing fluidized bed tech-

nology for incineration of explosives and solid industrial type and liquid waste, de-

contamination of metal ammunition components, and waste generated from ammunition

operations Is a process system that will adequately give the necessary waste manage-

ment - disposal capabilities for AMC depots. The facility brings together the tech-

nologies of shredding, slurrying, granulation and re-cycling to provide for domplete
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thermal processing of the several dissimilar 6ut combustible materials in a single

disposal system. With quick and complete combustion possible, the requirement

for gas cleaning equipment to meet air pollution regulations is significantly reduced.

(2) For items of explosives that cannot be accommodated by incineration,

technology is available for detonatioA of up to 100 pounds of explosives and for

* functioning of pyrotechnics within a confinement chamber; exhausting the gases

through the fluidized bed reactor for total oxidation with nearly zero environmental

(noise, air and water) pollution. Greater explosive weight capabilities can be de-

signed into the chamber.

(3) The hot gases from the fluidized bed reactor can be directed through a

chamber and utilized for decontamination (replacing flashing techniques) for

washed-out projectiles, bombs, etc. and materials and equipment where size per-

mits. Burn-out of explosive fillers can also be accomplished in this facility.

1lP. EXISTING DISPOSAL FACILITIES

The following existing disposal facilities are undergoing modifications to pro-

vide for poilution control systems that will make th~ase facilities eavironmentaily

acceptable.

(1) Deactivation Furnace: APE 1236 Deactivation Furnace is a specially

designed rotary kiln furnace used to safely destruct small arms, boosters, fuzes,

blasting caps and other munitions that can be sized to 600 grains explosive content.

Efforts are under way to develop pollution controls which will satisfy environmental

standards and to perform size reduction of munitions such that explosive content is

within the destruct limits. Problems of o:iracterizing and measuring emissions

are being identified to allow generation of data required for prototype pollution

control system development.
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(2) Washout Facilities: Washout of explosive fillers from larger items such

as bombs, separate loading projectiles, fixed and semi-fixed projectiles and

separated ammunition can be adequately accomplished with the APE 1300 Washout

Facility. Efforts are in progress to expand this capability through development of

additional washout rocks to accommodate smaller and/or peculiar shaped items.

In addition, development of treatment methods for controlling contaminated waters to

meet environmental standards have been identified. A problem still remains in the

disposal of explosive laden sludge from the washout plant operations and flashing

of metal munition casings.

(3) Open Burning and Detonation: Open burning and detonation facilities

existing at all AMC Ammunition Depots are no longer environmentally acceptable.

IV. CONSTRAINED MATERIALS

There are numerous ammunition items that are not suitable for demilitarization

by deactivation furnace and washout systems. In addition, current disposal methods

for other waste generated at Army Depots present an environmental problem. Most

of these r.aterlals all Into the following general categories:

(1) Large missile motors and rocket launchers.

(2) Rocket motors.

(3) Permanently enclosed (sealed) H.E. loaded items - bombs, mines, CBU's etc.

(4) Bulk H.E., demolition charges, bulk artillery and small arms propellent,

etc.

(5) Pyrotechnics.

(6) Contaminated combustible materials from ammunition maintenance opetations -

packing materials, dunnage, etc.
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(7) Unserviceable combustible fluids, such as solvents, cutting oils, in-

dustrial fluids generally.

(8) General domestic and industrial wastes.

V. UNCONSTRAINED PROCESSING. The modular thermal and confined detona-

tion processing facility is intended to replace those disposal operations currently and

historically limited to accomplishment by burning or demolition for explosive related

materials and open burning or land-fill for inert materials. The system is to accom-

modate all current inventory as well as projected future disposal inventories. With

the exclusion of radioactive materials, the processing facility will be oriented to

Army materials but will also be compatible with many materials in the stocks of other

services. This system is unique in its versatility such that it will accommodate dis-

posal of combustible general supply waste, industrial shops waste and domestic and

office wastes. Salvage and recovery features can be integrated with this sytem

wherever feasible

VI. SYSTEM CONCEPT. The disposal processing facility will consist of three (3)

basic reactor units; fluldized bed reactor, confined detonation unit, and a decontamina-

tion oven, each of which is multi-purpose and complements the other in accoioplish-

ing an environmentally acceptable disposal process. All of the reactor units are

serviced by a single highly flexible exhaust gso treatment section.

(1) Fluidized bed reactor. The fluidized bed reactor will accomplish disposal of

all combustible material. It represents a process system that offers several ad-

vantages-over conventional Incineratlon. The operating temperature conditions in

a fiuldized bed reactor can be readily controlled within very narrow ranges, a factor
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which makes possible the incineration of carbonaceous waste while minimizing the

generation of noxious fumes and particulate matter. When a combustible particle

is added to the bed, transfer of energy to this particle is rapid, and the particle

quickly reaches its ignition temperature. Combustion begins and the heat of com-

bustion is rapidly transferred to the bed of solid particles (sand). Because of the

motion of both the gas and the solid, contact between the burning particle and the

oxygen in the gas is excellent. No hot zone will develop in the bed.

Energetic materials (explosives and propellants) are amenabie to combustion

in the fluidized bed reactor since this material can be introduced as water slurries

thus controlling the heat energy release to a constant B.T.U. value. Packaging

materials, dunnage, domestic and office waste can be shredded to facilitate uni-

form feed and constant B.T.U. value. Excess air required to sustain combustion can

be as low as 5%. This reduces the formation of oxidized gases, resulting in small

volume gas cleaning equipment to meet air pollution standards.

(2) Confined detonation chamber. The confined detonation chamber is a re-

inforced concrete blast containment structure for detonation of explosives in

quantities up to 100 Ibs. and for functioning of pyrotechnics and munitions that

cannot be opened or for which disassembly is uneconomical and whose explosives

charge exceed the limits of the deactivation furnace. The chamber attenuates noise,

contains explosive particulate, and allows gaseous emissions to be directed through

gas cleaning equipment prior to release to the atmosphere. The chamber can be

exhausted in 3 to 10 minutes, thus allowing a relatively short cycle time between

detonations.
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AlI necessary safety features can be interlocked to prevent any accidental

detonation or functioning of munitions when exposure exists. Included are windows

in the control room to provide visual surveillance before and after function to de-

termine that all saty features are operative. An emergency entrance hatch is

provided should main chamber openings become blocked in the closed position by

debris during an explosive event.

(3) Decontamination chamber. Considerable metal parts, projectiles, and bomb

casings are generated from explosive washout and possibly microwave melt-out

operations. Open flashing of these materials will be in violation of air quality

standards. These contaminated metal components will be placed in a chamber po-

sitioned in the exhaust gas line of the fluidized bed reactor to accomplish decon-

tamination by "inductive" heating. An advantage of utilizing the exhaust gases

(1000 0F to 1400 0F) from the fluidized bed reactor is the low oxygen content which

minimizes the production of oxides emissions yet Is of sufficient temperature to com-

pletely pyrolize any contamination to an Inert condition.

The decontamination chamber will include provision for expansion of it, opera-

tional capability to serve as a burn-out station for some fillers.

The emissions from the decontomination of metal components or burn-out will

pass directly to the gas cleaning equipment and if necessary may be returned to the

fluldiled bed reactor for additional oxidation of effluents that otherwise would be-

come secondary emission to assure an efficient cleaning before release to the akmosphere.

VII. POLLUTION CONTROL TECHNOLOGY

a. Air polltion control equipment will be selected to scrub gaseous effluents
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which may be grouped into four categories of emission groupings in the following

order of difficulty: (1) burning of propellants and explosives, (2) thermal de-

contamination of metal parts, (3) burning of dunnage, packing materials, and ammuni-

tion maintenance operation's scrap and, (4) signals, flares, smoke and incendiary

items. The philosophy of air pollution is to "prevent it" or "correct it". Air

pollution con be prevented by designing the process or machinery with control equip-

ment that eliminates or reduces the pollution at its source. The fluidized bed reactor

system represents this "control of the source" by reducing or eliminating the production

of difficult to clean emissions. Because of the relatively low temperatures generated,

and small excess air, no appreciable nitrogen oxides are produced. The distillation

products are consumed in the bed thus eliminating unburned hydrocarbons leaving the

unit. The results are cleaner stack emissions with less scrubbing operations, since .he

primary pollutant is particulate matter.

b. Control equipment will be venturi collectors and pocked tower scrubbers.

The venturi collects particles to the 0. 1 micron level such as metallurgical fumes and

zinc and magnesium oxides, and recovers soluble gases. The venturi design relies on

high gas velocities on the order of 100 to 500 ft/sec through a constrition where water

is added. The impact breaks the water into droplets with the fineness of spray de.

rermined by gas velocity. The packed tower scrubber removes dust but primarily is

designed for gas absorption. Gas-liquid flow is counter current and with extended

surface packings provides absorption by spreading the liquid surface while collecting

particulates by cyclone action.

Particulates, dust, fly ash, etc. are collected in the wet discharge and dis-

posed by land fill.
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c. Source testing will be performed to obtain emission data. Continuous

sampling devices that provide accurate record of emissions will be utilized.

Monitors using spectroscopic, chromatographic or chemiluminescent reactions are

available for accurate testing and control of pollutants.

VIII. ENERGY CONSERVATION

a. Since this system utilizes the fluidized bed reactor to process all com-

bustible waste and will be in operation during all disposal operations, recovery of the

heat generated will be considered. This heat energy could be recovered in the form

of steam which in turn can be used directly as process steam or for facility heating,

or for electrical power generation. Considering the disposal facility's necessarily

remote location and low requirement for process steam or facility heating, the most

practical approach to energy recovery would be to generate electrical power. There

Is a continuous demand and the power can readily be distributed to points of util iza-

tion.

b. In designing the prototype disposal system, provisions to allow energy re-

covery through power generation will be studied. The equipment associated with this

could be Instol led near the end of the prototype testing phase.

IX. SAFETY

The disposal system concept has been reviewed by both the AMC Safety Office

and the Department of Defense Explosives Safety Board. No significant safety

problems were discovered during these initial reviews.
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1. Fluidized Bed Reactor.

2. Function - Purpose in System: Burn combustibles (any combustible material) in
various forms.

a. Slurrie6.

b. Solids.

c. Gases.

d. Fluids from industrial operations.

3. Reason for Selection - Advantages/Merits:

a. Simple, reliable principle of operation.

b. Durable - very little maintenance or attention.

c. Highly adaptable to wide operating temperature range, easily controlled.

d. Very close temperature control. ( + 5°F. at 1300OF can be maintained.)

e. Close control of primary air and operating temperature minimizes off-gas
treatment required. ( 5% excess air can be maintained.)

f. Possibly use catalytic bed to further minimize noxious off gases.

g. Vario lle rate of heat generation by numerous types of materials to be processed
is no problem.

h. Operating temperature highly flexible, readily adaptable to the optimum
temperature for the material being rrocessed.

i. Combustibles heated very rapidly and uniformly with no hot spots.

i. All surfaces exposed to gas streim (oxygen.)

k. Hot sand imparts heat to combustible.

I. Sand absorbs part of heat generated.

m. Sand erode combustible material.

n. 70% water content in dlurries (precludes detonation of energetic materials.)

o. Concurrent disposal of wide range of materials.
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r * .1u emission trom detonation/function chamber by drawing these through bed.

q. Intermittent operation with minimum start-up time after brief shut downs, as over-
night or week ends. (Fluid bed retains heat.)

r. Equipment design will provide for removal of non-combustibles (non magnetic
scrap, perhaps residue from limited item bum-out).

s. Minimal external fuel source required after start-up, probably none. ( Shredded
domestic refuse would be the prime fuel source.)

t. Unit is runat negative pressure (partial vacuum) which would minimize the effects

of any potential detonation.

4. Disadvantages/problem areas.

a. Higher energy requirements for proper air flow to displace sand bed.

b. Size control of "fuel" necessary, small, light, loose, or shredded charge - no heavy
masses in the fire box to smoulder.

5. Commercial brochures are on hand on various processing methods developed by Cope-
land using the fluidized bed concept, the fluidized bed incinerator at Thunderbay, Ontario
being one of these. Slides are on file from the Thunderbay installation. There are other
manufacturers of fluidized bed reactors.
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1. Decontamination Oven. Stationary refractory lined chamber equipped with material
handling equipment. I
2. Purpose:

a. Burn out of ammunition items and components.

b. Flash munitions casings from the Washout Operation, etc.

c. Flash contaminated processing equipment being removed from service, (prior to
repair or salvage):

Controlled temperatures will minimize damage to repairable equipment.

3. Merits:

a. Utilize waste heat in the exhaust gases from the reactor.

b. Interlocked proportioning dampers in the exhaust line will divert hot exhaust
gases from the fluidized bed reactor (less the heavy particulate removed by the Cyclone
Separator).

c. Controlled fresh air intake interlocked with the exhaust duct dampers will pro-
vide oxygen as required for controlled combustion.

d. Above arrangement should ensure ,very close temperature control, making it
possible to effectively decontaminate materials without mutilation beyond re-use, such
as when salvaging equipment. Operating temperature will be infinitely variable from
about 4000F to 12000F.

e. The rupture disc vented to atmosphere would protect the oven and exhaust gas
treatment system from excessive over pressures, should a detonation or deflagration occur

f. The end opening, "Pass Through" arrangement would facilitate flashing large
parts, and would allow mechanical transfer for flashing on a production basis.

4. Drawings are on hand for two decontamination ovens as used by Army Ammunition
Plants (AAP's).
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I. Detonation/function chamber.

2. Purpo.i in the System: Would be used to function various munitions and com-
ponents which are not readily amenable or compatible with other disposal methods.
Operational economics and minimized operational hazards could be influencing
factors in using this method over others potentially applicable.

3. Merits:

a. An effective, highly flexible, universal method of confining products of
detonation or functioning items up to the equivalent of 1000 of HE when no secondary
precautions are taken, and approximately 400# HE when energy retardant procedures
are used ( such as imbedding the charge in vermiculite or pearlite.)

b. Little, if any, noise or shock external to the facility.

c. Total control of off-gases and fragments.

d. Potential salvage value of fragments recovered.

e. Greatly reduces land area requirements, compared to current demolition ground
and burning ground practices.

4 Disadvantages:

a. Relatively slow production compared to current demolition ground procedures,
in that smailer shots and fewer sites would be used.

b. Particularly slow if vermiculite is required, although proper design of the
materials handling and storage equipment could expedite this phase of the operation.

5. Data:

a. Slides, a brochure, and sources of information relative to the 40' ID reinforced
concrete structi-e at Battelle Memorial Labs are on hand.

b, Photos and drawing of 10' ID X 31' steel test chamber '1: Los Alamos.

c. Tech data or, AEC tests using vermiculite and pearlite to defeat/minimize ex-
plosive shock waves, is being submitted to the AMC Ammunition Center.

d. Tech data on small metal total containment spheres used experimentally by
AEC can be obtained.

Notes:

1. Production rate could be increased by adding a "surge chamber" between the
detonation chamber and the reactor. This would allow purging the detonation
chamber first, then reloading it while the surge chamber is being evacuated into
the reactor.

2. Drawing a partial vacuum prior to the shot would also increase the allowable
explosive weight per shot.
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1. Cyclone Separator.

2. Purpose: Remove heavier particulate from exhaust gases, prior to using the hot gases to
heat the decontamination oven.

3. Advantages:

a. Avoid excessive cooling of the exhaust gases.

b. Would allow use of relatively clean, hot exhaust gases to heat the decontamina-
tion oven.

c. Would reduce sediment loading in scrubbing system, and subsequent sludge removal
in the clarifier station.

4. Disadvantages: Particulate materials recovered are dry and hot (high temp.) This could
pose problems relative to housekeeping and personnel hazards during handling, transporting,
etc, if not adequately addressed during design.

5. Particulate separators are widely used industrially.
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1. Venturi Type Scrubber.

2. Purpose:

a. Cools/quenches gas temp (raises scrubber water temp.)

b. Removes water-soluble materials (both gaseous and fine particulates passing
cyclone separator.)

c. Produces induced draft, pulling gases through- siysmm at a negative pressure.

3. Advantages:

a. Particulate removal to one Micron size.

b. No moving parts exposed to gas stream, avoiding wear or abrasion, and the
associated maintenance.

c. Entire gas handling system from the intake port of the reactor to the venturi
will be under a negative pressure (partial vacuum) precluding escape of gases.

This also simplifies feeding waste materials into the reactor.

d. Very minimal maintenance - pump for motive water only moving element.

e. Use waste heat in the form of hot water for heating facility. Hot water may be
useful in neutralizing effluent for recirculation.

4. Disadvantages/Associated Problems.

a. Water treatment required, to allow recirculation (cooling, sediment removal,
and possibly chemical treatments.)

b. May require a secondary exhauster blower after venturi to generate sufficient
draft, but If so, a fan dowi stream from the venturi scrubber will be handling relatively
clean, cool, non-abrasive gases - minimizing mainienance requirements.

5. Water powered venturl scrubbers and exhausters are commonly used industrially.
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1. Packed Column Scrubber:

2, Purpose: Secondary treatment of exhaust products. Note: Pilot tests may indicate
secondary exhaust treatment to be unnecessary, depndi'-products liberated and
efficiency of the venturi scrubber.

3. Advantages:

a. Couver current flow ( gases versus media.)

b. Multi-stage, progressively finer media, as required.

c. Catalytic fluid media, as required could be used.

4. Disadvantages: Effluent treatment for recirculation, and eventual disposal when it
becomes saturated.

5. Slides of this type scrubber me included in the Thunderbay Incinerator slides. These
scrubbers are commonly used in chemical industries.
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1. Clwifler.

2. Purpse: Remove solids from the scrubber effluent to allow recirculation of the water.

3. Merilts:

a.. In the system shown.

(1) The 1st stage removes the light materials which float to the surface.

(2) The 2d stage removes the heavier materials which tend to settle.

b. Solids removed are wet and relitively cool, which should simplify materials
handling requirements.

c. The type equipment shown minimizes the plant area which could be required
to perform this function.

4. Other considerations: The wet sludge removed must be disposed of - probably by
land fill, but possibly to PDO for sale if of commercial value.

5. Data: Commercial brocht.res are on file for equipment elements similar to those
shown. The are numerous other models of equipment commerciolly aval able for the
application.
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1. Feeder system for larger solids.

2. Purpose:

a. Storage area in the pole building will serve as collection point for in coming
materials.

b. Materials too large or heavy for fluidization in the reactor bed, or too large
for the materials handling system, will be shredded.

Note: The shredder will also have application in mutilation of certain lighter weight
inertammunition items.

c. The magnetic separator will segregate ferrous materials emerging from the
shredder for transfer to PDO or as appropriate.

d. During some types of operations, (as shredding clean packaging or mutilatioli
of inert ammunition elements) other materials may be diverted for transfer to PDO or
to land fill as appropriate.

e. Solid materials to be disposed of in the fluidized bed reactor will be held
temporarily in a storage hopper, then fed to the fluidized bed at a controlled rate.
The feed rate will be dependent on heat being generated by other combustion processes
under way within the reactor.

Note: Domestic and industrial refuse will be the primary source of fuel. The volume
s Wte largest and most constant of all materials to be processed.

f. A pneumatic conveying system, with a venturi throat section at the load
station is shown for transfer of the refuse to the reactor. Other handling systems
should also be investigated.

3. Reason for selection: self explanatory.

4. Not applicable.

5. Data available: Commercial literature and slides for the Eidal shredder on hand.
Slides are on hand of the storage hopoer, Feeder equipment, and pneumatic transfer
equipment used for shredded refuse at union electric, St. Louis. Pneumatic conveyors
and Cycloneseporetors are u=or4 on Army Depot Ammunition Maintenance Lines. Other
equipment elements are common industrially.
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1. Shredder.

2. Prc?,ose to use vertical rotor progressive grinding type, such as Eidal's.
(Eidal 400 HP model suggested.)

3. a. Will accommodate packaging materials including plastics and pallets.

b. Will take metal objects to size of 5 gal pail and density of fractional horse

power electric motors.

c. Minimal maintenance when used on low density wood packaging.

4. a. Shredding equipment requires frequent re-conditioning (hard-surfacing) of
surfaces which contact the refuse, although this requirement is minimal when process-
ing softer materials such as wood and fiberboard.

b. Significant electrical power required (approx. 400 HP to drive the rotor.)

5. a. Commercial literature is on hand for various shredders.

b. Also 35MM slides are on hand of three models of Eidal Shredders at the Albuquerque
plant, a shredding and materials segregation operation at Denver on junk autos, the
Municipal Refuse System at St. Louis, and the Wood By-Products Shredding and Disposal
System at Thunderbay, Ontario.
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1. Magnetic Separator.

2. Purpose: Remove ferrous materials from the shredded refuse which is to be processed
in the fluidized bed reactor.

3. Merits:

Compact, durable, minimal maintenance.

4. Problem areas:

Requires electrical power source.

5. Data available:

Readily available commercially from a number of manufacturers.
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1. Liquid industrial wastes.

2. Purpose in System: a.Small reservoir and pump for transferring to fluidized bed
reactor, at a controlled rate of feed.

b; As an alternate, it may be desirable to use a compressed air or steampowered
eductor to selectively transfer the industrial wastes from a bank of "dedicated" open
top tanks with self-closing lids equipped with fusible links.

3. Reason for selection: Self explanatory.

4. Problem Areas:

a. The inherent industrial fire hazard will be isolated from the balance of the opera-
tion with fire walls.

b. Bay will be equipped with deluge.

c. Quantity of materials in process will be minimal.

5. No unusual equipment design problems.
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1. Hydraulic Venturi with hopper intake.

2. Purpose:

a. Regulate feed of material, by controlling vibrator frequency and water supply.

b. Thoroughly wet and immerse materials in water.

c. Transfer/propel/convey material to fluidized bed and inject.

3. Reason far selection:

a. Accommodates wide range of physical characteristics of materials being
transferred.

b. Economical to acquire and operate.

c. Flexible operation, readily controlled.

d. Combines elements outlined in 2 above into a single piece of equipment.

e. Low maintenance - no moving parts, other than water pump on motive water
supply.

f, Ensures safest conditions for handling hazardous mJterials.

(1) Materials must be thoroughly wet/immersed to be conveyed.

12) No moving parts exposed to the materials.
(3) Without proper water flow, material S9 be tranferred.

4. Disadvantages:

u. Requires water to operate - probably no problem for the process(es) envisioned.

b. A hydra-clone may be needed at the reactor to reduce the watr content as the
material is introduced into the reactor.

5. Data available. Much data published on water powered eductors and hydraulic con-
veying. Water powered eductots ore used to transport propellant considerable distances
at Army Ammunition Plants.
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1. Bulk High Explosive Feed.

2. Purpose:

a. To entrain and immere dry HE pellets (o other HE particles) in a water stream
and transfer to fluidized bed.

b. Alternate: Receive wet granular HE mcterials, hold in small reservoir, and
transfer to fluidized bed.

3. Roason for selection:

a. The water powered eductor ensures rapid and thorough wetting of the dry
materials.

b. The pump and reservoir may be a more efficient method of handling the mater-
ials which are already wetted; although the eductor should be able to handle this
sludge as well s the dry pellets. ( A rubber lined centrifugal pump is used to convey
HE Pellets in water from the pelleting tank to the de-watering screen in the APE 1300
Washout System, A conventional centrifugal pump is used at Badger AAP to transport
Propellant in water solution.)

c. Lk. Red water to power eductor, then incinerate coftmatically.

4. Disdvan tage:

Additio al wates is int.oduced using the eductor. This should be no problem, as the
fluidixed bed will take 70% exceswter with the charge. The excess water would
coniuw hat in vopodring, altwing moe fuel (refwe) to be introdsced.

5. Data:

Centrifugal p"ps and euctorws Ote now used within Army activitlies to pump both HE
and propellant s1rrtis.
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1. Propellant preparation and feed systems.

2. Purpose:

a. Remove propellant from case bonded motors.

b. Granulate larger grains (probably anything larger than about M19
propellant) reducing the size to allow efficient transfer and incineration.

c. Wet and transfer propellant particles and inject into fluidized bed.

3. Reason for selection:

a. SAA and artillery propellant.

(1) Most of this could be dumped directly into the hopper of the water powered
hydraulic venturi.

(2) The storage hopper would be under continuous deluge.

b. Small rocket motor grains:

(1) Granulate with water to form slurry.

(2) Transfer to fluidized bed, either via centrifugal pump or the eductor transfer
system for SAA and artillery propellant.

c. Hydraulic erosion process, for large, case bonded rocket motors.

Note: This would be an optional modular element, used only at those stations having
the item(s).

(1) Water is injected into motor under high pressure (5800-6000 PSI) and low
volume with the propellant eroded and removed continually, and maintained in a
wet condition - major safety feature.

(2) Removal semi-auto ( similar to current HE washout process), and at accept-
able rate (Is being done at rates to 2000 Lb per Hr. )

d. Materials could go to PDO, instead of to the reactor, when there is a
commercial market or potential for recycling into munitions manufacture.

4. Disadvantae:

a. A clarifier may be required on water to be re-circulated in Hydraulic
erosion process.
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b. Some of the largest artillery grains may require granulation prior to trans-

ferring with the eductor.

5. Data:

a. An SOP on a washout process at Huntsville is on hand.

b. Pictorial drawing illustrating the washout application at Thoikol,
Brigham City, IT is on hand, SOP is available through command channels.

c. Water powered eductors are used to transfer artillery propellant grains
considerable distances at Badger AAP.

d. 35MM slides of the Hammermill granulation operation at Badger, including
materials handling methods, are on hand.

e. 35MM slides of mechanical Chipper and Shearing Operations at Badger
AAP are on hand (applied to small rocket motor grains.) Drawings also on file.
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1. Liquid Propellant Oxidizer Feed Station.

2. Function:

Withdraw oxidizer from container, and transfer to fluidized bed reactor at a
controlled rate.

3. Advantages of the airlift evacuation system:

* a. No moving parts exposed to oxidizer, as cpposed to pumps.

* b. Low air lift pressure clears line to reactor after transfer of the oxidizer.

c. Continuous oxidizer feed to the reactor provided through use of two air lift
stations operated alternately.

d. System is under low positive pressure (perhaps 10 PSI ) and readily controlled
via the pressure regulator.

4. Disadvantages:

Compressed air source requred, however, the volume required and pressure are very
lowe

5. Supporting Data:

Air lift means of transfer is in common use industrially. Also, it is used in the oxidizer
disposal system outlined in TB 9..1375-200-50/I,
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1. Opening Station tto gain access to fillers.)

2. Purpose:

To gain access to the munitions filler, allowing removal by subsequent washout or
burn-out.

3. Reason for Selection:

a. Some items cannot now be opened. These have historically been demilled
on the demolition ground.

6. A drill or mill station is shown, which would be highly adaptable to a wide
range of munitions items.

* It would be fairly fast, requiring few operators, andcould be fit into existing
facilities.

c. Sowing methods which have been under development may be applicable.
dependent upon productivity. operational requirements. etc.

d. Could be located *n 'Preparation Buoldinq" 'or de-contamination ,ven. or
in the current maintenance Cacilities. or at the "Bomb Disassembly" station which
most de.ijts al,eody have

4. Disadvantages:

Not appl icable.

5. Data:

a. Considerable experience has been gained over the years in sawing and drill-
ing techniques applied to various munitions during manufacture, inspection, modifica-
tion, and demil programs.

b. From the wide variety of commercial equipment available, some should be
adaptable with minimal modification.
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TREATMENT AND DISPOSAL OF SENSITIVE PRIMING MIXTURE WASTES*

Philip M. Broudy, Ph. D.

Munitions Development and Engineering Directorate
Frank ford Arsenal

Philadelphia, Pennsylvania 19137

The issuance of Executive Order 11507, dated 4 February 1970,

provided new impetus to the Federal Government's role in pollution

abatement by directing "that the Federal Government in the design,

operation and maintenance of its facilities shall provide leadership

in the nationwide effort to protect and enhance the quality of our air

and water resources". In July 1971 Frankford Arsenal, under the di-

rection of the U.S. Army Materiel Command, initiated pollution abate-

ment activities in those areas for which it has technical responsibil-

ity. One such area is the production of primers for small caliber

cartridges at Lake City AAP (Army Ammunition Plant), Independence, HO

and Twin Cities AAP, New Brighton, MN. Both of those installations

are government-owned contractor-operated (GOCO) plants; the latter is

currently on standby status. 1he production of these primers requires

the manufacture of very sensitive explosive compounds; the subsequent

mixing of those explosives with fuels, oxidizers, binders mid other

Ingredients; and the loading of the resultant priming mixture into

the primers.

*This paper is based on work caried out by lattelle Columbus Labora-
tories, Columbus, ORl, under Contract No. DAAA25-74-C-0153.
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The composition of the most widely used priming mixture in U.S.

Army small caliber cartridges, FA 956, is shown in Table I. Since

lead styphnate is a primary initiating explosive, it is manufactured

at each plant from trinitroresorcinol (TNR), a high explosive which,

in turn, is either manufactured at the plant (Lake City AAP) or pur-

chased connercially (Twin Cities AAP). Tetracene, also a primary

initiating explosive, is manufactured at each plant from aminoguani-

dine bicarbonate. The other ingredients are all purchased or proc-

essed from the purchased materials.

Explosive wastes are generated in the manufacture of TNR, lead

styphnate, and tetracene; in PETN washing; in the final mixing of the

priming mixture; in primer loading; and in various clean-up opera-

tions. Considerable quantities of spent acids and toxic heavy metals,

which include lead, barium and antimony, are also present in the

wastes. In the manufacture of priming mixture, the wastes generated

at the two plants can be as high as 80,000 pounds per month, Because

of their hazardous nature, these wastes are associated with large

quantities of water.

Whereas the standards for drinking water have bee' relatively

constant over the years, the standards for effluent water have been

in a continual state of development. In many cases the state stand-

ards for effluent water are based on pollutant materials normally

found in sanitary wastes and, therefore, should not be expected to

include consideration of materials found in primer wastes. For
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example, Table II shows that the standards for the Little Blue River,

the receiving stream for wastes from Lake City AAP, include only am-

monia, lead and dissolved oxygen as parameters for primer wastes.

Minnesota standards, however, include amonia, barium, dissolved oxy-

gen, dissolved solids, lead, nitrate, phenols, sodium, sulfate, BOD

(biological oxygen demand) and suspended solids as parameters for

primer wastes. Table III presents the industrial wastewater guidelines

set by the Anunition Procurement and Supply Agency (APSA)* and the

maximum and minimum standards set by the various states. There are

relatively few cases where the APSA values drastically exceed the most

stringent state standards.

Table IV, whose data is based on material balances, shows that

pollutant concentrations in raw primer waste streams exceed the APSA

guidelines by two or three orders of magnitude for pollutants such as

sulfate, total nitrogen, lead, antimony, barium and total solids.

Other pollutants which exceed the APSA guidelines to a lesser degree

are nitrate, nitrite and amonia. Table V compares a Tvin Cities AAP

composite stream and the three Lake City AAP waste streams with exist-

ing effluent standards and indicates the percentage reduction in

pollutant concentration needed to meet the standards.

The current practice at the plants is chemical desensitization

of the wastes followed by discharge to leaching pits, evaporation

ponds or an industrial waste treatament plant (ITP). Since these

*APSA, the agency responsible for operating the GOCO plants, waa

incorporated into the U.S, Army Ariment Coanud in July 1973.
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wastes exceed allowable effluent standards, it was decided to carry

out a program to evaluate the treatment and disposal methods and to

modify or replace them, as required, to preclude pollution of under-

ground waters and/or surface streans. Also, it was not known if de-

sensitization of any of the organic materials in the priming mixture

resulted in the formation of unknown compounds which would be highly

toxic to life in the envirounent.

The resulting progran was divided into three phases; viz., con-

cept, feasibility and pilot line phases. This paper will be concerned

with the concept phase which included identification and quantifica-

tion of wastes, evaluation of current waste treatment and disposal

methods, and concept studies for improved waste treatment and disposal

methods.

amm~N METHODS

Waste, Treatment

TNR is manufactured essentially from resorcinol, sulfuric acid

nd nitric acid acordia& to the equations

a )H OH

+ 2H SO - H03S-+ 2H0
.- H"

-0SOH
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H H
HO S ON HN02O

3 22

2HSO4 +Ho (2)

In addition to the approximately 75 to 90% yield of TNR, the final re-

action mixture -ontains considerable quantities of wastes including

all of the sulfuric acid employed, excess nitric acid and various by-

products. After separation of the TNR by filtration, the wastes are

neutralized with soda ash (Na2CO3) and then desensitized - that is,

made non-explosive - by treatment with sodiwa hydroxide, aluminum

powder and live ,team (Remington Arms Company method). Mass specLral

analysis of laboratory-desensitlzod TNR identified materials of mole-

cular weights 151, 167, 256 and 332. Possible molecular formulas are

C61i5, 30. C61t5N303, C121120 N204 and C12118N 606 (or C12 H24N605). Al-

though the precise structures have not been determined, possible

structures which correspond to the molecular weights obtained are

shown in Figure 1. Tese structures show that reduction of the nitro

groups and bimolecular coupling are occorring.

Lead styphmate is manufactured from TNR by different methods at

Lake City AAM and 1in Cities AAP. At the Lake City Plct the TNR is

first converted to a magnest', styphuate solution with magnesium

oxide.
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TNR + MGO - -- MG(TNR) + 1120 (3)

To this solution is added a solution of lead nitrate which results in

the precipitation of lead styphnate.

0 -2

H20 02N N02  +2
MG(TNR) + PB(N03)2  w 0 PBH 20

L N02  MG(N03)2  (4)

The product is then washed and filtered.

At the Twin Cities plant the process calls for conversion of TNR

to a sodium styphnate solution with sodium hydroxide.

TNR + 2NAOH - NA2(TNR) + 2H20 (5)

Addition of a lead nitrate-acetic acid solution results in the pre-

cipitation of lead styphnate.

0 -2

PAc 02N 10N2  +2
NA2(iNR) + PB(N03)2  H_20 PBH 20 +i , H20

L NO2  2NANO3  (6)

In this process the product is merely washed by repeated decantations,
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The lead styphnate wastes do not require neutralization and are

desensitized directly by the sodium hydroxide-aluminum powder-stean

treatment. The desensitization products should be the some as in the

TNR desensitization except for the additional formation of elemental

lead.

Tetracene is also manufactured differently at the two plants. At

the Lake City plant aminoguanidine bicarbonate is treated with sulfuric

acid to give aminoguanidine sulfate.
*+ +

NH2 NH2
H2N-C-NH-NH2 HCO3  ,;2S04 H2N-C-NH-NH2 HSO4 +

CO2 + H20 (7)

After addition of a sodium nitrite solution, the tetracene precipi-

tates slowly.

NH2  N-N NH,
2H2N-C-NH-NH2 HS04 + 2NAN02  N-INN-CNH2H20 +

N-N NH
H

2NA2SO4 + 3H20 (8)

The product is then washed and filtered.

At the Twin Cities plant aminoguanidire bicarbonate is treated

with acetic acid to give aminoguanidine acetate.

+ +
NH2  HC3H 2

H2N-C-NH-NH2 HCO3 + HAc o H2N-C-NH-NH2 Ac + CO2 + H20 (9)
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Again, addition of a sodium nitrite solution results in the slow

precipitation of tetracene.

NH2  N-N NH2
2H2N-C-NH-NH2 Ac + 2NANO2  C-N=N-N-C-NH 2 ,H2 0 +

N-N NH
H 2NAAc + 3H20 (10)

The tetracene wastes are desensitized without the addition of chem-

icals merely by boiling the aqueous mixture; the tetracene in the

wastes decomposes to give anmonia, nitrogen and several other products

including those shown below:

H H
I I

H2N-C /N N H-C N N II
I II II H2N-C-NH2

N--N N- N
5-amino- 1-!!-tetrazole guanidine

1H- tetrazole

'he other wastes of concern are generated during the mixing of

priming mixture and the subsequent loading of the mixture into

primers. These wastes, which contain all the materials in the FA 956

formulation, are desensitized by the sodium hydroxide-alumium powder-

steam treatment. The TUR and lead styphoate probably decompose as

described previously, Tetracene, however, decomposes differently

than in boiling water to give ammonia, cy&am4wide and 5-amino-lH-
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tetrazole. The above desensitization procedure is only of limited

effectiveness in the destruction of PETN because of its only slight

solubility in water. At least one hour of heating is required to

destroy dissolved PETN and at least six hours for PE-trinitrate and

PE-dinitrate.

Waste Disposal

At Lake City AAP the desensitized wastes are segregated into

three streams: a TNR waste stream, a lead styphnate-tetracene stream

and a priming mixture mixing-loading waste stream. The TNR and lead

styphnate-tetracene streams are discharged to evaporation ponds with

impervious clay bottoms in order to evaporate the water and collect

the solids. Overflow of the ponds has occurred during periods of

heavy rain, resulting in discharge to a tributary of the Little Blue

River an effluent which exceeds U.S. Army and Missouri standards for

dissolved solids, sulfate, lead and possibly dissolved oxygen. The

priming mixture waste stream is pumped to the ITP where it is treated

with other wastewaters. The effluent from the ITP is discharged into

the tributary of the Little Blue River. The heavy metals, lead, bar-

iure and antimony, should precipitate in settliug ponds as a result of

normal alum additions used in the ITP, the aluminum content of the

desensitized waste and the sulfate from brass pickling acid waste.

Thus, although the desensitized wastes from priming mixture mixing and

loading do add to the load on the ITP, they should not adversely affect

tile quality of the ITP effluent.
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At Twin Cities AAP all the wastes are desensitized in a central

treatment sump and then trucked to open pits where seepage through

approximately 400 feet of sand into ground water is a possibility.

Also, the trucking of undesensitized wastes to the central treatment

sump, in addition to being costly, could constitute a serious safety

hazard.

PROPOSED METHODS

The various concepts considered for treatment and disposal of

priming mixture wastes are presented in Table VI.

Waste Treatment

The TNR wastes consist of sulfuric and nitric acids and some

organic materials which may be explosive. Although it is effective

in neutralizing the acids, soda ash, the current neutralizing agent,

also causes a very high dissolved solids content (20-30%) due to

sodium sulfate and sodium nitrate. Neutralization by hydrated lime,

Ca(OH)2, would result in the precipitation of calcium sulfate, thereby

substantially reducing the dissolved solids and sulfate contents of

the waste solution. After desensitization and discharge to an evapora-

tion pond, the effluent from any overflow would still contain a much

smaller concentration of pollutants.

Alternate methods of desensitization were evaluated in order to

obtain products less undesirable thma those obtained from the sodium

hydroxide-aluminum pmdor-steam treatment. The agents studied ex-

perimentally included sodium sulfide, sodium sulfite, sodium
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hydrosulfite (dithionite), sodium peroxide, hydrogen peroxide, sodium

hypochlorite, chlorine gas, potassium persulfate, potassium bromate,

sodium perborate and air (catalyzed and uncatalyzed). Although the

experimental work was performed only on TNR, application to lead

styphnate and priming mixture was also intended. It is apparent from

Table VII that the agents which were chemically effective were sodium

hydrosulfite, hydrogen peroxide, sodium hypochlorite, chlorine gas,

potassium persulfate and air in the presence of a platinum/aluminum

oxide catalyst. However, when cost effectiveness is taken into con-

sideration, only chlorine gas and air appear to be competitive with

the current sodium hydroxide-aluminum powder-steam treatment. In the

case of chlorine gas, the possible toxicity of theproducts of chlorina-

tion must be investigated. It should be noted that oxidative desen-

sitization would be preferable since it would have the additional

desirable feature of reducing the chemical oxygen demand of the waste

stream. Reducing agents, of course, would have the opposite effect.

Simple boiling of the wastes from tetracene manufacture, the

current desensitization method at Lake City AAP, appears to be the

best treatment for this waste. However, the agents tested above for

TNR should also be applicable to the tetracene in priming mixture.

PETN, on the other hand, was found to be stable to a fifty-fold excess

of sodium hypochlorite even after several hours at 800C. Again, the

stability of PETN may be due to its only slight solubility in water.

Two other possibilities for PETN are desensitization with ferrous ion
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and the use of a wetting agent to promote hydrolysis.

Another approach to the treatment and disposal of TNR wastes is

thermal, oxidative desensitization followed by separation and reuse of

the acids. In work carried out at Dugway Proving Ground, Dugway, UT

it was found that ThR was unstable in hot concentrated sulfuric acid.

Since the waste from the manufacture of a 60 pound batch of TNR con-

tains approximately 240 pounds of sulfuric acid and 38 pounds of

nitric acid, it appeared that the explosive materials in the waste

could be destroyed or desensitized merely by heating the waste mix-

ture. Separation of the acids by distillation would then permit their

reuse in the process. This would eliminate both the addition of chem-

icals for neutralization and desensitization and a substantial dis-

posal problem. Although this approach has been investigated in the

laboratory only in a preliminary manner, a recommended acid recovery

procedure worthy of further study is the following. Heat the TNR

wastes to 1000 C and reflux for partial water removal. Raise the

temperature to 2500C while distilling off a dilute nitric acid frac-

tion suitable for reuse in drowning and rinsing operations. Increase

the temperature to 3250 C to give a distillate which is a mixture of

nitric acid, sulfuric acid and water. This fraction would be recycled

to the next batch of wastes for work-up. The pot residue after heat-

US to 325 0C consists of 98% sulfuric acid plus a solid residue of

organic material and ferric sulfate. The sulfuric acid could be used

as is in TNR manufacture, although build-up of the solid residue would
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deserve monitoring, or most of the acid (say 80%) could be redistilled

for use in TNR manufacture and the balance (20%) could be recycled to

the next batch of wastes. Another possibility is to use the recovered

sulfuric acid in another application, such as pickling of brass car-

tridge cases, where the residue build-up would not be a factor. Ir-

regardless of how the acid is reused, the main points are that no

chemicals are added and there is no material requiring disposal.

Incineration, which is used extensively in the destruction of

scrap propellant and explosives, would have application to all of the

waste streams resulting from the manufacture of priming mixture. In

an incinerator the water would be evaporated and the combustible

materials in the waste would be burned leaving a non-explosive ash

for disposal. However, because of the large quantities of water

associated with the waste, there would be a large energy input to

evaporate the water. Also, for safety reasons the incinerator should

be located several hundred yards from the manufacturing area which

would require the transfer of the sensitive primer wastes from the

manufacturing area to the incinerator. This would constitute a

safety hazard. The wastes could be incinerated after chemical de-

sensitization, but the cost would be approximately one dollar per

pound of priming mixture produced. This is much too costly.

Disposal

As noted previously, disposal of desensitized wastes in evapora-

tion ponds has not been entirely satisfactory during periods of heavy
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rain. One possibility would be to direct any overflow to the ITP for

treatment and disposal. However, since the water in the TNR evapora-

tion pond contains 8,000 to 12,000 ppm of dissolved solids (mainly

sodium sulfate) at a pH of about 10 and since the effluent from the

ITP is already high in dissolved solids and sulfate3 , this additional

discharge would aggravate the situation. Precipitation of the excess

solids in the ponds and the accompanying reduction in the dissolved

solids content would permit discharge of the supernatant liquid to

the ITP without degrading the effluent from the ITP. Therefore,

studies were performed on the TNR and lead styphnate-tetracene waste

streams to reduce the waste solids and organics by pH adjustment and

coagulation with lime. HUl was added to the test solutions for pH

adjustment as shown in Tables VIII and IX. A decrease in pH of the

TNR waste from 11.6 to 6.8 resulted in a 58% decrease in total organic

carbon (TOC), but the total solids decreased by only 6%. Addition of

lime to the neutralized wastes resulted in a peak decrease in TOC of

75%, but again the total solids were reduced only slightly. In the

case of the lead styphnate-tetracene composite waste, lowering the

pH from 12.1 to 8.1 reduced the TOO by 53% but had only a small effect

on the total solids. Addition of lime to the neutralized wastes re-

sulted in a peak dec;rease in TOO of 62% and an actual increase in

total solids. It is apparent from this data that neither pH adjust-

ment nor the use of a coagulant was satisfactory in significantly re-

ducing the solids content of the wastes.
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Of course, lime neutralization or im, wastes, as mentioned pre-

viously, would resulL in the formation of calcium sulfate which after

desensitization and discharge to the evaporation pond would settle in

the pond. The dissolved solids content of the supernatant should,

thereby, be reduced to a level that would not degrade the effluent

from the ITP.

The concept of disposal of priming mixture wastes in a biological

treatment system is based on the ability of such a plant to both re-

move the chemical oxygen demand (COD) of the waste and destroy the

nitrogen compounds associated with the waste. The wastes must be

treatable by biological action and must not poison 4.he plant biomass.

A brief study was made to determine the effect of desensitized primer

wastes on the biological treatment in a municipal sewage plant. The

toxic influence of these wastes was studied experimentally by waste

dilution studies on batch activated sludge units and biological oxygen

demand (BOD) analyses. The results of this work are presented in

Tables X, XI and XII. The BOD data in Table X demonstrate that both

TNR and tetracene wastes have definite toxic effects on biota found

in municipal biological treatment plants. In the case of TNR the de-

crease in BOD from 825 to 60 with decrease in dilution from 1:1500 to

1:60 shows that the more concentrated solution reduces the activity

of the biota. Similarly, the BOD of tetracene wastes decreases from

143 to 2.7 with decrease in dilution f'rom 1:150 to 1:15. The BOD of

lead styphnate, on the other hand, does not drop off as drastically
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with increase in dilution, indicating that this waste may not be toxic

to the biota. However, at extremely low dilutions it is not unex-

pected that a toxic effect is observed.

The oxygen uptake and related BOD data in Table XI show that de-

sensitized TNR wastes are toxic to sewage plant biota at dilutions

less than 1:100. A similar situation is observed with the BOD of a

composite of desensitized lead styphnate and tetracene wastes in

Table XII. However, the relative constancy of the BOD's for all dilu-

tions of the wastes after exposure to the activated sludge units for

30 hours shows that the sewage biota acclimatized to the wastes during

that time period. The oxygen uptake did not show the sane sharp de-

crease for dilutions greater than 1:100 because the composite waste

included the relatively non-toxic lead styphnate waste.

it should be noted that all of the BOD data show that the desen-

sitized TNR, lead styphnate and tetracene wastes are treatable by

biological action. Therefore, these wastes can be discharged to a

municipal type sewage treatment plant, but the sewage volume should

be at least 100 times the primer waste volume to preclude a detrimental

effect on the seiage plait. There should be no problem in achievirg

this dilution with the Mitropolitan Disposal System of the Twin Cities

area and with .the system planned by the Little Blue River Valley Sewer

District*
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TABLE I. COMPOSITION OF FA 956 PRIMING MIXTURE

Ingredient Percent

Normal Lead Styphnate 37
Tetracene (1-amino-l- fflH-tetrazol-5-yl)azj 4

guanidine hydrate)
PETN (Pentaerythritol Tetranitrate) 5
Barium Nitrate 32
Antimony Sulfide 15
Aluminum Powder 7
Gum Solution <O.1 (Solids)
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TABLE 111. COMPARISON OF STANARDS (ppm*)1,2

APSA Guidelines State StandardsConstituent Effluent Boundary Most Stringent Least. Strigen
A~wnia 0.1 .01 0.30 2.00Arsenic 0.05 .01 0.01 0.05Barium 1.0.10 0.01 0.50Bicarbonate 35.00 35.00 205.00 205.00Boron 1.00 .10 0.30 1.00Cadmium 0.01 .01 0.005 0.03Chloride 150.00 25.00 25.00 400.00C~hromate (HEX) 0.05 .05 0.05 0.05Chromate (TOT) 1.00 .10 0.0 1.00Copper 0.02 .02 0.0 1100Cyanide 0.025 .01 0.0 0.20Fluoride 1.00 .70 0.20 2.50Iron 0.30 .05 0.20 1.50Lead 0.05 .01 0.04 0.20Manganese 0.05 .01 0.05 1.00Mercury 0.01 .01 0.0 0.005Molybdenum 1.00 .10 0.01 0.01Nickel 1.00 .10 0.10 1.00Nitrate 5.00 .50 1.00 45.00Phosphate 0.50 .05 0.03 2.00
Selenium 0.01 .01 0.005 0.01Silver 0.05 .10.02 0.05Sodium 100.00 10-60 1.00 82.00Sulfate 200.00 50.00 100.00 500.00Uranium 1.00 0.10 5.00 5.00Zinc 0.50 0.05 0.025 5.00

Max. Temp. 90"V 80OF 95 0FDissolved Oxygen 5.0 5.0 100% Sat 1.0Phenols 0.010 0.010 0.001 1.0PH 6.0-8.5 6.0-8.5 6.5-8.5 4.3-9.5Dissolved Solids 200 500 500 2500

*Unless otherwise specified
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TABLE VII. EVALUATION OF ALTERNATE
TNR DESENSITIZATION METHODS

Chemical
Agent Effectiveness

Na2S No
Na2SO3 No
Na2S2O4*21120 Yes
Na202 No
H202 Yes
NaOCl Yes
C12 Yes
K2S208 Yes
K'3r03 No
NaBO3-4H2O No
Air No
Air with Pt/A1203 Catalyst Yes
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TABLE X. BOD5 OF PRIMER WASTES

BOD5 Reduction
BOD5 Due to Toxicity

Waste Stream Dilution (mg/l) (7/

TNR 1:1500 825 --

1: 600 540 35
1: 300 435 47
1: 150 338 59
1: 60 80 90

Lead Styphnate 1: 300 195 --
1: 150 128 34
1: 60 213 9*

1: 30 146 25
1: 15 109 44

Tetracene 1: 150 143 --

1: 60 21 85
1: 30 4.5 97
1: 15 2.7 98

Increase iA BOD5
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.FIGURE 1. POSSIBLE STRUCTURES FOR LABORATORY-DESENSITIZED TNR

TNR: C6H3N308 (MW=245) C6H5N302 (MW=15 1) C6H5N303 (MW=16 7)
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FIGURE 1. POSSIBLE STRUCTURES FOR LABORATORY-DESENSITIZED TNR (CONT)
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REPLACEMENT OF BENZENE FOR IMPROVED
TOXICITY IN THE NITROCELLULOSE RECOVERY

PHASE OF BALL PROPELLANT MANUFACTURE

Messrs J. M. Goldman and J. A. Sipia, Jr.
Frankford Arsenal

Philadelphia, Pennsylvania

ABSTRACT

This study represents one portion of a program directed toward the
minimization or elimination of toxicity and flammability hazards asso-
ciated with the use of benzene in the recovery of nitrocellulose from
surplus cannon propellants in the manufacture of ball propellants.

The current extraction operation using the benzene-ethyl acetate
cosolvent is described in detail. The toxicity and flammability problems
associated with the use of benzene are identified.

The methodology of identifying prospective replacements for benzene
is presented along with the results of Soxhlett extractions where dichloro-
methane is identified as the most promising candidate. The opezating
temperature for extraction with dchloromethane has been selected based
upon a series of batch extractions.

By varying the dichioromethane to propellant ratio the solid-liquid
equilibrium relationship was established in a further series of batch
extractions. With these data. a new process design for the recovery of
nitrocellulose irom cannon propellants using dichloromethene is proposed.

This study shoos that extraction efficiency and economy of operation
need not be sacrificed when correcting enviromental problems.
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INTRODICTION

Overview of Extraction Step

In the manufacture of ball propellant, surplus single base cannon
propellants are used as the source of nitrocellulose (NC), the major
component of the finished product. These surplus propellants contain
along with the NC, dinitrotoluene (DNT), dibutylphthalate (DBP), and
diphenylamine (DPA), components undesirable in the feedstock for ball
propellant processing. In order to utilize the NC in the cannon pro-
pellants, the undesirable components must be removed. It is in the
extraction or NC recovery step, the first major process step in ball
propellant manufacture, that this is achieved.

Description of the Extraction Process

The removal of unwanted modifiers from the cannon propellant is
achieved in a 3-step, batch, countercurrent leaching operation. Prior
to the extraction operation, the cylindrical multiperforated cannon

dropellant grains are ground in a hammermill to provide solids with a
high surface area to accelerate the leaching rate. This granular feed
is pumped in a water slurry to one of the two ertraction stills. The
feed rests or a perforated false bottom through which water is drained.
Fllowing drainage, the cosolvent, containing 90% benzene (B) and 10%
ethyl acetate (EA)p by weight, is added to the extraction still. The
cancets are heated to 650C, the extraction temperature, and agitated
for the 90 minute first extraction step. The solvent is then drained
and pumped either to recovery for cleanup or to the other extraction still
for orocessing of another batch of propellant. The two stills are
operated together in order to achieve countercurrent processing. The
schenatic in Figure 1 shows how this is achieved. P represents the
powder and S the solvent. Superscripts represent one particular batch
of either powder or solvent. The subscripts of P refer to the number of
prior contacts with solvent. Subscripts of S refer to th', nurnber o,
,imes the solvent has had prior contact with prooellant. After three
contacts with the B-&% ei -M', the powder is pumped as a water slurry,
to a stripping still. After solvent has been used three times, it is
sent to solvent recovery for removal of the modifiers. After two batches
of propellant have been extracted and pumped to the stripping still, the
agitated propellant-water slurry is heated and placed under vacuum in
order to remove some of the solvent retained either on the surface or
in the interstices of Lhe propellant granules. Upon completion o!
solvent stripping, the propellant chips are pumped forward for the
manufacture of ball propellant. Seventeen hours are required to complete
two extraction batches and 12 hours more for the stripping of the
retained solvent. The product of the NC recovery operation is' solid NC
with less than 1% residual extractible material.
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Toxicity and Flammability

The presence of benzene in the NC recovery step has always
generated concern among operators and safety engineers. An accidental
spill or leakage of vapors is not considered casually because of the
extreme toxicity and flammability of benzene.

The toxicity of benzene is considered very severe. The O.S.H.A.
assigned Threshold Limit Valte of 10ppm maximum exposure for an 8-hour
shift attests to this. If overexposure should occur, underexposure must
follow in order to meet the- CS.I.A. guidelines. At low concentrations,
prolonged exposure can damaS th. blood-forming organs. Slightly higher
concentrations can result in headache, nausea, and tightness of chest,
possibly preventing an operator from removing himself from the contaminated
area. At high concentrations, failure of either the central nervous
system or respiratory system is a probability. Harmful amounts of benzene
may be absorbed by ingestion, inhalation, or direct contact.

During the NC recovery step, extraction stills are opened in order to
check if all solvent has drained after a stage. Since high local con-
centrations of benzene can accumulate when the manhole cover is opened,
operators are required to wear air masks or packs to prevent inhalation
and possible contamination.

In addition to the severe toxicity exhibited by benzene, it presents
a potential for fire and explosion. Because of its low flash point of
-ll°C (120F) and lower explosive limit of 1.3% in air, benzene is considered
dangerously flammable.

The concern for operator health and safety in the NC recovery operatiom
led to the creation of a program to replace benzene with a less toxic and,
if possible, a non-flammable solvent. Below is presented a portion of the
program which has resulted in the identification of dichloromethane as an
alternate solvent which not only meets the constraints set for toxicity and
flammability, but also offers processing and economic advantages for the
NC recovery phase of ball propellant manufacture.

METHODOLOGY OF SOLVENT SELECTION

Selection Criteria

The literature was searched in order to find potential replacements
for benzcne. The criteria were based upon the desire to minimize or
eliminate all objectionable characteristics associated with benzene.
Therefore, any proposed solvent must have either a higher flash point than
benzene or no flash point at all so that the chance of fire or explosion
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would be less likely. In order to reduce the possibility of a toxic
environment and to ease the management of same, a minimum Threshold Limit
Value of lOOppm in air was bet following consultation with plant safety
personnel. The types of effects a solvent could oroduce when contacted
by humans were consLdered as a guideline as well, with those solvents
having milder effects being more favorably considered.

In order for successful removal of unwanted modifiers to be accom-
plished in a leaching operation, the proposed solvent had to exhibit good
solvent power for the modifiers. At the same time, solubility of NC in
the solvent was considered detrimental since this would represent a loss
of raw material, an unacceptable processing inefficiency. With all these
constraints, one additional one was necessary: the proposed alternate
solvent would nee" to be approximately as efficient or more so than the
B-EA cosolvent in use.

Soxhlett Extractions

The literature indicated that the most promising alternates fell in
the following two classes: (I) halogenated hydrocarbons and (2) short to
medium chain length alcohols. In order to assess the leaching power of
each solvent, duplicate 5-hour Soxhlett extractions were run for each can-
didate. The results indicated that three of the solvents being investigated
showed better extraction power than benzene. They were, in order of rela-
tive extraction efficiency, as follows: (1) dichloromethane, (2) n-butanol,
and (3) isobutanol. These three solvents showed improvement in the flamma-
bility and the minimum toxicity level considerations, as well. A summary
of results to this point appears in Table I.

TABLE I

Summary of Soxhlett Extractions and Environmental Data

Percent Extractibles Flash Point, TLV,
Solvent Removed FPpm

Dichloromethane 97.7 None 500
n-butanol 86.6 115 100
Iso-butanol 84.5 I00 100
Benzene 73.8 12 10

Only the above three candidate solvents were studied further. Here,
only subsequent investigation of dichloromethane is considered, since only
with it has experimentation progressed to the point of process desigh.
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Batch Extractions

In the Soxhlett extraction phase of this investigation, dichloro-

methane could be compared only to benzene, not directly with the 90%

benzene-l0% ethyl acetate cosolvent in use. Therefore, a series of co-

current batch extractions was planned and subsequently conducted in an

agitated, temperature-controlled, I-liter, 3-necked flask. Standard

experimental procedure provided for addition and heating up of the solvent
followed by addition of the required amount of ground surplus cannon pro-

pellant. In every case, the solvent-to-propellant ratio was 3:1 by weightt

the ratio used in production.. The duration of the extractions was a stan-

dard of 4 hours, sufficiently long for complete equilibrium to have been

reached. Prior to extraction, the propellant was towel-dried; followiag

extraction, the propellant was allowed to air dry overnight prior to analy-

sis for residual extractible material.

In this phase of experimentation, two effects were studied: (1) extrac-

tion efficiency as a function of temperature, and (2) the impact of 10% by
weight ethyl acetate addition to the solvent upon extraction efficiency.

Figure 2 compares the extraction efficiencies of dichloromethane and the

B-EA cosolvent. In both cases, more extractible matter is removed as the

temperature is elevated. The extraction efficiency of dichloromethane is
much less sensitive to temperature. Equivalent removal of extractibles can

be achieved using dichloromethane at 350C as compared to 651C for the B-EA

cosolvent.

The effects of addition of ethyl acetate on removal of extractibles

from cannon propellant are shown in Trble II.

TABLE II

Influence of EA on Extraction Efficiency

Solvent Temgerature,°C Residual Extractibles

Benzene 65 6.35

Benzene-EA 65 3.33

Dichloromethane 35 3.33

Dichloromethane-EA 35 3.39

The advantage of using ethyl acetate with benzene is clearly Shown;

however, no significant change in extraction efficiency is shown when EA is

combined with dichloromethane. Since no advantage was gained by combining

EA with dichloromethanc, further experimentation was carried out with dichloro-

methane alone.
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As a result of the batch extractions discussed above, the optimal
operating temperature of 350C was identified for dichloromethane and the
ability to use dichloromethane wLthout EA indicated significant processing
simplification.

Below is discussed the experimentation which has led to a design for
the NC recovery operation, using dichloromethane as the extraction solvent.

DESIGN OF EXTRACTION SCHEME

Equilibrium and Rate Data

In order to properly design the extraction process, an equilibrium

relationship between the modifiers in the liquid and solid phases was
required. These data were obtained in a series of batch extractions in
which the initial solvent-to-propellant ratios were varied over a wide
range (1:1 to 20:1). The extractions were conducted in an agitated,
temperature-controlled, 2-liter resin flask. Solvent heat up and propel-
lant addition were accomplished in similar fashion to the prior batch
extractions. The duration of propellant-dichloromethane contact was 3 hours
in all cases. Liquid samples were withdrawn from the resin flask at regu-
lar intervals and analyzed by ultraviolet spectrophotoetric methods to
determine the approach to equilibrium. Upon completion of each experiment,
the liquid phase was poured off and the solid phase air dried overnight
prior to analysis for residual extractible material. In this way, each
experiment yielded a solid-liquid equilibrium point and the time interval
to achieve equilibrium conditions. Results from the analyses of solid
and liquid phases were curve-fitted by the method of least squares. The
curve representing the equilibrium relationship is shown in Figure 3.
With the equation representing this curve and overall and component

* (unwanted modifiers) material balances derived around a theoretical
countercurrent leaching stage, a computer program was written to assist
in the design of the countercurrent extraction process. The results of
this design and how they are incorporated in the existing process equipment
are discussed below.

RESULTS

Selection of the Number of Stopes nnd
the Solvent/Powder Ratio

With the assistance of a computer simulation, the minimum number of
sttie5 and the corresponding solvent-to-propellant ratio could be deter-

mined. The simulation was designed to calculate stages proceeding in
reverse order. Specifically, the simulation iterated starting with the
outlet powder weight fraction of 0.0 extractibles and corresponding
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pure solvent input. The simulation iterated until the powder feed
modifier weight fraction of 0.13860 was exceeded. The solvent to
powder ratio was specified in the data input along with powder feed and
product extractibles composition and solvent feed. The data output
provided both propellant and solvent inlet and outlet compositions for
each stage. The solvent-to-propellant ratio was varied until the minimum
number of stages was determined. The results of the calculation for
dichloromethane are presented and compared with the current process In
Table III.

TABLE III

Comparison of Current Benzene-EA and Proposed Dichloromethane Propellant
Extraction Schemes

Solvent to Powder
Solvent Number of Stages Ratio

Benzene-EA 3 3:1
Dichloromethane 2 3.125:1

A proposed scheme of using the current extraction equipment with
dichloromethane as the leaching solvent is shown in Figure 4.

Implications of Using Dichloromethane
in Nitrocellulose Recovery

The proposed scheme for extracting unwanted modifiers from single-
base cannon propellants with dichloromethane indicates significant potential
advantages over the current processing technique. The higher specific
gravity of dichloromethene allows more solvent in a batch and, therefore,
a 44% increase in propellant processed per batch. Combined with the
reduction in stages from 3 to 2, resulting in a 25.5% shorter processing
time for 2 batches, a 93% increase in production rate can be effected.
This, alone, can mean P 30% reduction in per pound costs for the NC
recovery operation.

Further economies, althourh less significant, are reduced steam re-
quirements because of the lower extraction temperature, 35°C, and the
lower specific and latent heats associated with dichloroamethane. Btu
requirements are compared in Table IV.
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TABLE IV

Comparison of Energy Requirements in Extraction and Solvent Stripping

Solvent Extraction Stripping
Btu/lb Solvent Btu/Ib Solvent

Benzene-EA 30.2 212.1
Dichloromethane 5.04 142.57

A further advantage of using dichloromethane is processing simplifi-
cation. The reduction in stages from 3 to 2 means less handling of each
batch of solvent. The ability to use dichloromethane as the sole extraction
solvent makes the recovery operation more easily accomplished.

Finally, all the processing efficiencies discussed above have been
accomplished as a by-product of the effort to make the NC recovery opera-
tion a safer one. The total elimination of a fire hazard attributed to
the extraction solvent is achieved when using dlchloromethane. The high
TLV of 500ppm combined with the reduced toxicity of dichloromethane makes
the extraction environment significantly easier to manage.

CONCLUSIONS

Following successful pilot plant process and product testing the change
to dichloromethane can be made in the NC recovery operation at Badger AAP.
Finally, a toxic working environment can be significantly improved without
paying a premium for such a change.
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Hazardous Waste Disposal Through

Fluidized Bed Incineration

By

Joseph S. Santos
John J. Canavan

Facilities and Protective Technology Division
Manufacturing Technology Division

Picatinny Arsenal

ABSTRACT

Picatinny Arsenal has the responsibility for developing the technology
and equipment necessary for the elimination of the pollutants generated by
the Army's government owned, contractor operatee (GOCO) plants manufacturing
munitions. One of the major problems at a1l of these plants is the disposal
of explosive end propellant waste material. The current method of "open
burning" is unacceptable from safety and environmental aspects. Therefore,
it was decided that incineration appeared to be the beat approach to eliminate
open burning. The feasibility of incinerating explosives in a water slurry
was accomplished at Picatinny Arsenal. Concurrently, Radford Army Amunition
Plant evaluated an off-the-shelf rotary kiln incinerator. The nominal feed
rate for these systems was 250 lb/hr of waste explosives and propellants.
Typical wastes were TNT, Camp B, RDX and HHX explosives; single, double and
triple base propellants. In addition to the incineration effort, the ancillary
processes of grinding, slurry preparation and pumping, and injection techniques
were fully demonstrated. To meet future requirements, an advanced incineration
technique, the fluidized bed combustor, was selected for investigation. This
system successfully demonstrated the disposal of explosives and propellants
in a small scale pilot plant. During the course of this effort, a catalyst
was found that reduced the NO, concentration in the stack gos to virtually
zero. In support of the incineration efforts, a pilot plant hatards analysis
on the rotary kiln, on engineering development hazards analysis on the fluidL*ed
bed end detonation propagation tests on aqueous slurries of explosives and
propellants have been accomplished.
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INTRODUCTION

The US Army is a major producer of munitions for the United States. In
the course of the manufacturing qnd load assembly pack operations conducted
at the GOCO plants throughout the uiited States nonrecoverable and nonrecyclable
waste propellants and explosives are accumulated. The current method of dispos-
ing of this waste is by open burning. Here the material is spread on concrete
pads and remotely initiated. Stock piling of hazardous waste materials, air
and water pollution, personnel exposure, and inefficiency characterize the
problems associated with open burning and emphasize the need for a safe,
reliable, pollution free alternative.

Controlled combustion ts the most logical, technical solution, but little
information of an engineering nature is available on this subject. Therefore,
the objective of this study was to develop the necessary engineering technology
for a total system (Figure 1) and to test and evaluate the systens, developed
as pollution abatement vehicles, to eliminate the open burning disposal practice.
Three incinerator designs, vertical induced draft, rotary kiln and fluidized bed
were operated on a pilot and laboratory scale. The feasibility of this concept
was shown by successfully destroying TNT, Composition B, RDX and IHX in the
vertical induced draft unit. The rotary kiln incinerator was successfully
piloted, at 250 lb/hr, and the results of the pilot plant effort were incorporated
into a Design Criteria Package for implementation of a full scale (1350 lb/br)
complex. Studies on a laboratory scale fluidized bed incinerator were extremely
interesting. The combustion of the explosives and propellants was rapid and a
catalyst was uncovered that drastically reduced the NO, on the exhaust gas.
In addition to the incineration techniques, the ancillary procesnes of grinding,
slurry preparation, pumping and injection were fully demonstrated. In the hazards
analysis area, each system was analyzed for normal operations and for abnortal
conditions or malfunctions. It was found that for normal operations there are
no serious hazards, However, the addition of tramp metal, loss of water, poor
housekeeping or operation could lower the safety margin to zero. Hazards
analyses identified the potential htzards and operational procedures were then
developed that minimized the hazards.

TECIeM0WGY DEVEWWtEN

Three incinerator designs, a vertical induced draft, rotary kiln, and
fluidized bed were selected for invemtigative studies to determiae their
applicability to explosive and propellant waste disposal.

Vertical Incinerator: Initial work was accomplished in an existing vertical
induced dati incinerator designed and built in 1957 for liquid explosive waste
disposal (Figure 2). It is a cylindrical steel furnace lined with firebrick.
Inside dimensions are 8 feet diameter and 30 feet high. The upper zone contains
the oil burners and auxiliary equipment to produce the heat necessary to evaporate
the water and bring the temperature of the solid explosive vaate up to thw
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ignition point. Introduction of the explosive waste occurs just under the
oil burners. An induced draft fan, with a capacity of 10,000 cubic feet per
minute, and a cyclone dust collector are the other main elements of the plant,
with the combustion gases exiting via the flue to a 125 foot stack. The
furnace is provided with 3 oil burners operating on #2 fuel oil supplied from
a 7,500 gallon underground storage tank.

After the furnace is brought up to operating temperature, about 1500°F
in the combustion zone, temperature may be controlled by the use of one or
two burners as desired. The furnace generally operates under a negative pressure
due to operation of the induced draft fan and the natural draft in the stack.
About 30% of combustion air is taken in by induction with additional atomizing
and combustion air provided by the controllable turbo-blower capable of
furnishing 1i50 cubic feet per minute maximum. Instrumentation and control
equipment are provided for temperature control and automatic shut-down if
incinerator equipment malfunction occurs. In addition, 10 explosion blow-out
doors are provided as an additional safety measure.

This incinerator was modified to accept solid waste explosives in water
slurries. Feasibility and safety requirements, particle size reduction,
suspension, injection, combustion and baseline gaseous emission data were
established and evaluated. The explosive was ground to a uniform particle
size uqing a rubber-lined steel jar mill and bro~ae balls. Water was added
to the explosive in the grinder in the ratio of 3:2 by weight, respectively.
The resulting slurry was sieved through a 20 mesh screen and water added to
achieve a water/explosive ratio of 6.7/1 prior to incineration for a disposal
rate of 250 pounds per hour equivalent dry explosive. The feed system employed
is depicted in Figure 3. Suspension was maintained by a pneumatic agitator and
the slurry transferred into the incinerator through a vater cooled injection
tube. Two means of slurry tr:nafer were evaluated: a steam ejector and a
diaphragm pump, both of which performed satisfactorily. The end of the injection
tube was equipped with a spray nozzle to disperse the slurry upward into the
combustion chamber.

A summry of materials incinerated with the combustion conditions for
the initial testing in the vertical induced draft incinerator is shown in
Figure 4. A total of 49 tests were completed with explosive slurries.
Duration of tests ranged from thirty seconds to twenty minutes. Temperature
mod photographic data showed controlled, rapid combustion occurring in the
injection and combustion zones with only an occasional flaming particle
visible. An analysis of the exhaust gases emitted is shown in Figure 5. It
is apparent that while the feasibility of the concept was proven, the environ-
mental aspects still required some work. Visual observation iddicated that
the unsightly dense smoke associated with open burning was eliminated; however,
smll amounts of NO fumes were visible.

x
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The instrumentation and control systems installed on the incinerator per-
formed as required and resulted in the program being completed with no serious
incidents. Preliminary hazards analyses identified the potential hazards and
operational procedures were then developed that minimized the hazards. This
includes the processes of grinding, pumping, injection and incineration of
the explosive and propellant/water slurries.

Rotary Kiln Incinerator System: An important task in the overall program
to develop an acceptable incineration system was to select an off-the-shelf
unit and adapt it to meet immediate needs. The unit selected for this purpose
was the rotary kiln incinerator. This system was designed for nominal feed
rate of 250 lb/hr of propellant or explosive. It was installed and operated
at Radford AAP concurrently with the vertical incinerator effort at Picatinny
Arsenal.

The rotary kiln used (Figure 6) was approximately five feet in diameter
and eight feet long. The cylinder is lined with alumina fire brick, which
can withstand temperatures to 24000F, and has a variable speed of 0-6 rpm.
No. 2 fuel oil or butane can be used for the burner which fires countercurrent
to the material and exhaust gas flow. The afterburner is a refractory lined
cylinder located above anG downstream of the incinerator. A pre-cooler
quenches the hot exhaust goses to 600°F prior to entrance into the wet scrubber.
The marble bed scrubber washes out particles and water soluble chemicals in
the exhuast stream. The exhaust gases then pass through an induced draft fan
and up the stack where they are characterized for CO, CO2 , NO, N02, SO2 , HC,
H25 and particulates.

The waste explosive or propellant was ground by a rotating knife grinder
with water added. The resulting slurry is immediately discharged through an
8 mesh screen in the bottom of the grinder to a slurry tank. Here the proper
slurry ratio is maintained, transferred by centrifugal pump from the tank to
the incinerator where a metering pump (peristaltic type) delivers the slurry
to the combustion chamber. The unmetered slurry is returned to the storage
tank at velocities high enough to maintain suspecusion integrity. Incineration
tests have been successfully accomplished on single, double and composite base
propellants, HM , TNT, and RDX-based explosive compositions. Water to explosive
ratios and feed rates were varied from 19:1 to 3:1 and from 40 to 440 pounds
per hour respectlvely, with chamber temperatures varied from 1600 0-20000F. A
summary of materials tested is shown in Figure 7. Representative emission
data for single and double base propellant-water slurries is shown in Figure 8.
Propellant/water ratios were 1:3 by weight respectively with a main burner
temperature of 1400-18000 F. Thn results of the rotary kiln pilot plant effort
were used to prepare a Design Criteria Package for implementation of a full
scale incineration complex to meet the immediate needs of the Army Ammunition
Plant at Radford, Virginia.
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Hazard evaluation studies were made of the pilot-scale automated
incinerator for assessing the initiation, flame transition, and explosive
propagation hazard potential for incineration of propellants and the high
explosives, TNT, HMX, RDX, and Composition B. The material preparation, grind-
ing and feeding operational phases were assesred. Studies to date support
strongly that the potential hazards associated with the incineration of
propellant wastes are minimized by use of wp'.er as a coolant/diluent. Under
normal operating conditions, quantitative hazards analyses of the drum dumpers,
conveyor feed hopper, and transfer pumps show safety margins ranging from 1.1
to 4460. The low safety margin of 1.1 was found for impact and friction
initiation stimuli applied to nitroglycerin films which are unlikely to be
present. Similar analyses of abnormal events such as operator error, entry
of hard foreign objects and absence of water coolant show safety margins
ranging from none to 61.0. The absence of safety margins in some cases
emphasizes the importance of maintaining operator reliability, safety interlocks,
the assurance of continuous coolant supply, and good housekeeping in minimizing
localized initiation of waste materials.

Normal grinding of propellant and explosive material<0.1 inch to permit
slurry suspension for fully dispersed pumping to the incinerator is shown to
supply energy levels sufficiently high to induce initiation reactions in the
combustibles. These initiations are kept localized by the continuous presence
of water as a coolant at a ratio of 10:1 water:waste. In the abnormal
situations of coolant supply failures er excessive grinder vibration, e.g.,
from broken blades, system safety is maintained by an interlock stopping
the propellant feed to the grinder by interrupting power to the conveyor
and valving-off sluicing water. The grinder was shown to present no critical
shaft speed hazards at'rotor unbalances up to 10 percent.

Under normal agitation there is no metal-to-metal contact between impeller
and suspension tank wall, and hence, no hazard from impact or friction initiation
energy. Critical shaft speed analysis shows the design is fully adequate over
the operating range to preclude any friction or impact hazard arising from
shaft whip. Abnormal conditions arising from loss of the impeller or bending
and set of the shaft can release sufficient energy to induce initiation in all
combustibles to be incinerated. Again the presence of excess water coolant
inhibits growth of the localized initiation into sustained burning. Material
bypassing the grinder could perwit inadvertent entry of foreign objects capable
of damaging pumps and plugging flow lines; this entry should be avoided by
screening all materials entering the agitation tank.
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The CGalligher Vac-Seal centrifugal pump used to transfer the propellant/
water suspension, poses no hazard in transfer of the dispersed combustibles
to the incinerator kiln feed pump line under normal conditions, fully suspended
in water. The Tri-Clover incinerator feed pump has adequate safety margins
under normal conditions. An initiation hazard is introduced in the event this
pump is run with dry Sprint propellant present.

Likewise, engineering hazard analyses have shown that the solid explosives
and propellants, can be processed safely in the present prototype incinerator.
No transition from slow burning to an explosive reaction is predicted for 1:3
solids-to-water dispersions and expected settled material heights for explosive
and/or propellant mixtures. Under normal operating conditions, these
combustibles are fully suspended as a solids diluent system at a weight ratio
of 1:3. This is assured by pumping at high enough rates to secure turbulent
flow Reynolds numbers. In the suspended condition, each combustible particle
is well surrounded by copious water coolant which prevents any localized initia-
tions from becoming self-sustaining by both heat sink action and thermal
insulation effects.

Fluid Bed Incinerator: An advanced incineration technique investigated
for future application was the fluidized bed combustor (Figure 9). The
ultimate goal for this investigation is to convert the vertical induced
draft incinerator to a fluidized bed system to fully demonstrate this
technique.

The fluidized bed reactor concept is well-known and has been found to
offer economic advantages for many chemical industrial reactions. Gas flows
through the distributor plat and can be controlled to any desired rate. At
low rates the bed remains in its original "settled" state with the p assure
drop across the bed increasing with flow rate until it is equal to the down-
ward force exerted by the solids resting on the plate. The bed' begins to
expand at this point which is called incipient fluidization, allowing more
gas to pass through the bed at the same pressure drop. The bed is now
fluidized and L.as all the properties of a fluid.

Application of this concep, to incineration of propellants and explosives
offers several edvantages over conventional incineration. The violent agitation
of the bed particles causes rapid mixing and acts as a large heat reservoir.
Their movement throughout the bed keeps it at a constant temperature eliminating
the development of hot zones in the bed. When a combustible particle is added
to the bed, transfer of energy is rapid and the particle quickly reaches its
ignition temperature, The heat of combustion is then rapidly transferred back
to the bed. Contact between the burning particle and the oxygen in the gas
is excellent reducing the excess air requirements. Combustion can be closely
controlled by altering the hazardous waste residence time which is accomplished
by increasing or decreasing the fluldizing gas flow. The bed particles can be
of any material that will promote chemical or catalytic reactions. For
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clarification, the introduction of secondary air embraces a technique called
two stage combustion. This concept requies that the total amount of air
supplied be broken into two streams and introduced at two separate locations
in the reactor. Less than stoichiometric primary air entered the fluid bed
at the base of the reactor, and passed up through the distributor grid, while
the secondary air entered the bed proper at a point above the distributor
grid. This modification for meeting the air requirements of the incinerator
had a very significant bearing on the emissions from the incineration process.

To exploit the above fluidized bed characteristics, a small scale unit
was designed, constructed and tested* (See Figure 9). The diameter of the
fluidized bed was six inches with an overall height of ten feet constructed
of a high temperature alloy. Bed material was tabular alumina (A1203) havipg
a particle size of 500 microns. Combustion air was preheated and propane
utilized as fuel. A peristaltic pump was employed to transfer the explosive
slurry from a recirculating line to the combustor. A sampling train downstream
of the cyclone particulate collector was used to record flue gas analysis for
CO, C02, NO, NOx, HC, and 02. A summary of materials incinerated in water
slurry form is shown in Figure 10. Average operating conditions were as follows:
(1) a fluidized bed temperature of 1600-18000 F, (2) a settled bed height of
two feet and a fluidized bed height of five feet, (3) an explosive feed slurry
concentration of 10 weight percent, (4) a superficial bed velocity of 3 to 6
feet per second, and (5) theoretical air required to stoichiometrically combust
fuel and explosive was varied from 90 to 120 percent.

During the course of the test program, a catalyst was uncovered that
drastically reduced NOx concentrations in the flue gas. It was extensively
demonstrated that NOx emissions could be driven to virtual extinction using
the catalyst in the alumina bed while burning in a two-stage mode.

Figure 11 shows the results obtained in the combustion of a 10 weight
percent TNT water slurry during 1 stage and 2 stage catalytic and non-catalytic
combustion. Of particular interest is the progression that was evident in the
exhaust gas analysis as the study progressed through the four combustion modes.
The introduction of a catalyst in the single stage mode had a detrimental effect
on NO-NO, emissions, however, when catalyst was used in conjunction with two
stage burning, a startling reduction in NO-NOx, CO and HC concentrations was
experienced. Present indications are that the reducing atmosphere created in
the fluidized bed by two-stage combustion in conjunction with the catalyst
accelerated the reaction of 2NO + 2CO -2C0 2 + N2. NOx emissions without

*Esso Research & Engineering Company, Linden, New Jersey.
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the catalyst range from 1200 to 3500 ppm by volume depending upon the material
incinerated in single-stage combustion. Reductions of NOx emissions of fifty
percent could be accomplished by employing the two-stage technique. Using two-
stage combustion and the catalyst, representative emission data for explosive
slurries were as follows: NO - 47 ppm, NOx - 57 ppm, CO - 40 ppm, CO2 - 12%,

02 - 4% and hydrocarbons - 10 ppm.

In addition to these dramatic results, it was also shown that a soluble
form of the catalyst could be transmitted to the combustor via the slurry
tank and could be used to remotely activate the bed resulting in immediate
NOx reduction. This could prove invaluable as a means of overcoming any
catalyst inhibition without interruption of operations.

To explore these important developments, the vertical induced draft
incinerator at Picatinny Arsenal is being converted to a full-scale (8 feet
diameter) fluidized bed unit. Figure 12 shows this conversion schematically,
in which maximum use will be made of the existing system hardware. Major
additions will encompass the compressor, air preheater, plenum chamber and
cyclone separator. Revisions to exhaust piping, slurry injection and heat
input from the oil burner will be made to effect the change-over to fluid bed
operation.

To insure a safe system an engineering development hazerds analysis is
currently underway. Data available from the rotary kiln incinerator system
processes will be used where applicable. In addition, detonation propagation
tests of aqueous slurries of explosives and propellants are in progress. This
effort was initiated to determine the maximum slurry concentrations, both in
suspended and settled coaditions, that would not support the propagation of
a detonation wave, should one be initiated. Initial tests results (Figure 13)
indicate that slurries of TNT, Composition B, and M-9 propellant, at concentra-
tions of 30% (by weight of solids) and below will not support a detonation
propagation. This effort has been expanded to include other explosives and

propel lants.

CONCLUSIONS

The explosive and propellant incineration program has shown that it
was possible to safely and cleanly destroy waste explosive material under
controlled thermal conditions. The rotary kiln incinerator with scrubbing
of exhaust gases can be used to meet immediate needs but has attendant problems
of scrubber water treatment. The fluid bed incinerator appears to be a superior
system because:

(a) NOx emission levels significantly below 200 ppm can be achieved
without scrubbing.
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(b) There are fewer moving parts, and no requirement for a pre-cooler
or separate afterburner.

(c) Bed may be readily activated by inclusions of solid catalyst with
the solid bed material or by addition of the catalyst in a soluble form in
the slurry feed system.

In addition, ancillary procedures of particle size reduction, slurry
preparation and transfer and injection have been positively demonstrated
with no serious incidents. It is apparent that a safe solution to the
problem of open burning waste hazardous materials is attainable.
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A PREDESIGN ANALYSIS TECHNIQUE FOR REINFORCED CONCRETE STRUCTURES

Mr. J. 0. Davis
Sandia Corporation
Albuquerque, NM

At Sandia Laboratories we endeavor to maintain a high

level of safety awareness. In recent years an acute

awareness of the need for pressure safety has resulted in

the requirement for a pressure safety lab that includes

a test cell which permits destructuve testing of pressure

vessels.

During the design of the pressure cell, it was decided to

utilize the HE equivalent of 1.8 pounds of HE. (I am not

a firm believer in HE equivalents for pressure vessels,

but that is another story.) Energy-wise, this 1.8 pounds

of HE represents approximately 1 cu ft of N2 gas at 20,000

psi.

Since Sandi4 Laboratories has had negligible experience in

the design of blast-resistant cubicles, there was little

or no background to either draw upon or to influence our

thinking. In effect, we started with a blank piece of

paper and had L. evolve an analytical solution to the

probl em.

The technique developed is nothing new analytically but is

unique in that it provides computer routines for the "pick

and shovel" work of evaluating a generalized design before

detailed design is accomplished. Inasmuch as my task was

not to design in detail but to provide design criteria to

our plant engineering personnel, the technique met this

requirement. It permitted the establishment of accurate

load criteria without excessive expenditure of analysis

time. In establishing accurate ioad criteria, it is

necessary to know the natural period of the structure so

that the structural response cz.n be considered.

. . . . . . .k-i- . . .



Before the computerized technique was established,

preparation of calculations for one configuration required

about 2 days and, owing to constant interruptions, there

was considerable doubt as to accuracy. Because the first

iteration is generally one of many - unless the designer

has ESP or is very lucky -the task is pure drudgery.

After the first iteration, I decided that there had to be

a better way.

Since Sandia is blessed with a PDP-1O computer system, a

determination was made to go to the computer. A program was

written to accomplish the required iterations, thus automating

the process. With the routine developed, the requisite

answers were available in minutes instead of hours or days.

It should be pointed out that although this routine was set

up to handle only the cubicle problem, other types of
problems can be computerized following this Sandia format.

Here is a brief resume of the program. It has worked for

us and can be made to work for other structures. Since I

am not a computer buff and do not program frequently enough

to feel confident with Fortran, I wrote the entire program
in Basic. Originally, it was felt that after its debugging

on the PDP 10, the program would be suitable for any small

minicomputer. This proved to be a fallacy. The program

will not run properly on less than a 32-bit-word-length

computer. When we discuss the equations used, the reason

for this restriction will become evident.
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In briefP our program works as follows:

1. We input pulse data from TM 5-1300, material

parameters, structure dimensions, and wall

thicknesses of interest.#

2. After some finger counting and contemplation,
the computer prints out the 'pertinent information
required for the detail designer. After a max-
imum of three acceptable configurations are
printed, the program is terminated.

Figure 1 is a greatly simplified flow diagram for the compu-
tational procedure. Omitted from the program are numerous
iteration loops and decision-making steps.

Iititally, the program consists of various inputs which
require a simple numeric response in predetermined units.
Although all units are in the English system at.this time,
a few constants could be changed to allow metric inputs.
The program contains three large iterative loops as follows:

1. Rebar size: 2 to 11 (presently set for 4 to 11)

2. Rebar spacing: 12 to 4 with a step size of -2

3. Wall thickness with range set by the user.

With the appropriate data from the position within the loop
parameters, the moment of inertia of toe transformed section /
is calculated. The program calculates two I's, one for the
inner and one for the outer layer of steel. The calculated
result is for a 1-inch width through the center of the slab.
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With these moment of inertia values, the static deflection,
6st, of the structure is calculated by assuming the loading

mode encountered during an event. These values are sub-

sequently used to solve for the natural period of the

structure. This period is normalized with the pulse

duration and compared to a structural response cri-ve in-

corporated into the program to establish an amplification

figure (see Figure 2).

After this amplified loading is calculated, the stress

levels are calculated. If stresses are less than calcu-

lated allowables, printing occurs. If stresses are

greater, the program steps up to the next stronger increment

and repeats the procedure. If during the running of the

program no acceptable answers are generated, the program

prints a diagnostic instruction to reenter with a thicker

wall section. It should be noted that no additional entries

of material parameters or sizes are required.

Figures 3 aind 4 are printouts of typical runs from the
program. Figure 3 is a normal run which finds a solution.

Figure 4 is a run which does not find a solution but shows

the diagnostic printing.

Figure 5 shows the overall structure, with elemental strips

cutting through the various slabs. Such use of the in-

dividual strips, along with appropriate correction factors

for strip interaction, has proved to be a very useful

technique in structural analysis.
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We isolate the strips (Figire 6) and assume a uniform

loading as shown. Since the strips carry different portions

of the load, it is necessary to solve for this distribution.

This procedure is accomplished by iteration.

We assume a load for two slabs (normal slab distribution)

and then use the equations shown to calculate the third

distribution by setting the deflection of the two strips

equal in the third. As a matter of interest, we also

include the sidewall tension as an additional deflection.
We take this calculated value and work on a second slab,

then take this second calculated value and work on the
third. By Incorporating these three loops into dnother

loop, we zero in oh the actual distribution. With the
final distribution we calculate the deflection on the two
smaller slabs, find the minimum, and use it to-calculate

the period in the structure.

After determining the amplified load, we then calculate'

moment, again utilizing the strip technique and the largest

slab. Moments are taken for both long and short spans and

sorted out for the highest stress level. The printout

identifies the strip with the highest steel stress and the

stress location.

Since the strips are supported by the remainder of the slab,

a correction factor must be applied. In our calculation,

we did not incorporate a full range of correction figures

to reflect a range of length ratios. This could be done as
an added refinement, however, in a manner similar to the
inclusion of the structural response curve.
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In setting up the strips, 'the following assumptions are
made:

1. The cwp.ession steel and the tension steei are

identically placed. This is .iot only a simplifying
assumption but also a realistic one, since rebound
will reverse all moments.

2. Only one layer of each kind of steel exists. This

is a simplifying assumption.

Either of the foregoing assumptions could be negated with

more involved programming. In our case, the gain did not

seem to be worth the added effort.

Figures 7 and 8 show the equations used during the

calculation.

Figure I js at illustration of the transformed

concrete section and appropriate equation set

employed.

In Figure 8 the first of the equations is the

culprit on machine size restrictions. As you

can see, we subtract a hyperbolic term from 1.

Since in our case the hyperbolic is of the order
of l.OOOXX, we have a very small number. If the

computer has a short word length, no significant

digits remain. With our iterative routine, pure
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nonsense is generated after a few cycles. In some

instances we produce a machine error by taking the

square root of a negative number. In other instances,

answers will result but they are wrong; hence, the

computer size restriction. These equations are used

to calculate deflection of the beam strips and may

be used two ways: (1) Initially to determine the

load distribution for the strip and (2) sub-

sequently to determine the static deflection.

The complexity of the equation makes an algebraic

solution of the system difficult to solve and

hence the load distribution difficult to obtain.

In our case, this was done by iteration until a

near match was calculated.

In Figure 9:

(a) This equation solves for the natural period

of the structure.

(b) This equation solves for the moments in the

strip at the edge and midpoint of the strip.

(c) These equations solve for the stresses in

the strips at the above locations.

This computerized technique is not only a modern but also

an economical approach to our problem and can easily be

modified to meet other problems. Any resultant program

will prove to be very cost effective in the preparation of

design criteria or preliminary cost estimates.
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To give you an idea of the time involved: Our original

program was operational in approximately 1 week. This

can be contrasted against an initial 2 days for the first

iteration alone. As you can see, the first utilization

of the program more than justified the time involved.

It should be noted that many short cuts may be taken in

the analysis. Inasmuch as a preliminary rather than the

final design is being considered, simplifying assumptions

are in order but they should be kept on the conservative

side.

For those of you who may be interested in our specific

program, it is included as an appendix. In the event that

ttis prograw will not suffice for your explicit problem,

it can serve as a skeleton upon which to build your program.
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APPENDIX A

.$s RE MS$$$ S$ *****s***s:*s**s**ss $$ $$ sssss$
11 REM * IUE BY SANDIA LA9ORATORIES,
12 REM * A PRIME CONTRACTOR TO THE
13 REM * UNITED STATES ATOMIC ENERGY COMISSIOm
14 REM **** $***** * NOTICE ***SX$***t**
15 REM * THIS REPORT WS PREPMED AS AN ACCOUNT OF MO P ORED
16 REM * BY THE UNITED STATES GERIET. NEITHER THE UNITES
1? REM $ STATES NOR THE UNITED STATES ATOMIC EERGY COMMISSION,
18 REM * NOR ANY OF THEIR EMPLOYEES, NOR AN OF THEIR CONTRACTORB,
19 REM * OR THEIR EtPLOMS, M4CES ft NRANTY, EXPRESS OR
2 REM * IMPLIED, OR ASSUMES ANY LEQL LIABILITY OR RESPONSIBILITY
21 REM * FOR THE MCCURCY. CoMpLETEtESS OR USEFULNESS OF ANY
22 REM * INFORMATION. APP ATUS. PROUCT OR PROCESS DISCIOSED.
23 REM * OR REPRESENTS THAT ITS USE WOULD NOT INFRINGE PRIATIELY
24 REM * OWNED RIGHTS.
25 M * $*2***$***s****S*****S***
26 REM THE BASIC REFERENMCE DOCUMENT FOR THIS CODE IS,
27 REMS * SA044-4 9/37"4
28 RE*"* **S*$sZs$8*sSZS $$*$ lS
29 REM* UNLIMITED RELEASE
30 REM****************st****;*******
31 REM
32 REM DATE OF OOnrJlTATINf 26 MUQST. 1974
33 REM
34 REM HNAE OF PROGIRn 9N=

36 RE" AMTH OF PROGRAM i J. 0. DUIS- DIV. 9334
3? RE"39RE"l PRGA nAXINISTM TORs , L, AM:IN -01IU. S33

40 REMl CO IO" DATE, 23 AUMLIT, 1974
41 REM
42 R RECORD OF OWQS TO PRGOWIN

1093



.4

44 REM BRIEF DESCMIPTOIN: THIS PPOGRAN IS A SEARCH ROUTINE TO45 RE" PROVIDE PRELIMINARY DESIGN DATA FOR A RE-IFORCED
46 REM CONCRETE MAST-RESISTA1T STRUCTURE.47 RE"
40 REM DETAILED DESCRIPTION, MITH AP MIPRIATE BLAST DATA FROH49 REM TM 5-130M, EUILOING HIIIOE DIMiENSION*, AND50 RE" MATERIAL PAPAl ETE'S, THIS PROGRAM WILL PROUICE51 REM THE HECESSARY WALL THICKNESSES AND RE-AR52 REM DISTRIBUTION TO ItlITIAL SIZE A COMIFEtIMENT53 REM CtSICLE FOR SMALL N.E. BLASTS. THE PROGrAfl IS54 REM INTENDED TO eE A PPELIINRY SEARCH ROUTINE 1355 REM ASSIST A14 ARCHITECT-ENGIIIEER BY DETMRjIINZNG THE56 REM STARTING POINT FOR A DETsilL ESLGN.57 REM58 REM H O 4At CONFIGURATIO I REQUIRED: THE PROGRAM I DESIGNED59 REM TO RUN 0N SL'S POP-i. REFER TO LAt4GUAGE NOTE60 REM BELO PRIOR TO IKPWMNTATIOH ON SML.ER SYSTEMS.61 REfl62 REM L UtaG USED' THE PROGRAM IS WRITTEN IN DARTOUTH BSIC63 PEN AM MAY EASILY EE TRANFurpEFo TO ANY OTHER SYSTEM64 REMI WHICH HAS Aa BASIC LMIGUAG IHTERPPETERo HOIUEUER.65 REM IT PEQUIRES THE ACCURATE EVALUATION OF CERTAIN!6RE" HYPERBOLIC FLCTIONS WITH A PPECISION IMHIC4 ]lAY6? REM NOT M AUAILELE C#4 SNALLER (SHORTER WORD-U.E4T4)60 RE"I MCINES,
69 Kh
70 REM OPERATING SYSTEM1
71 Kme72 REM TYPE OF PROGRAM, MAIN WITH IITEGRAL SUSROUTINES
?3 RE"
74 REII C ING SEMUENCE, N/
?6 RE" SPECIAL ROUTINES USEDM ONE
77 REMI
?f Mu FOR" OF PROGM, PAPER tkV*E



88 REM INPUT: THE PROGRAM ASKS FOR PARAMETERS AND ACCEPTS THEN
81 REM FROM THE TERMINAL IN FREE-FORM.
82 REM
83 RE OUTPUT: MARGINS, STRESSES, AND OTHER INFORMATION REQUIRED
84 REM TO BEGIN DETAIL DESIGN.
85REN
86 REM KEY WORDS- STRUCTURE, -41. DESIGN4 BLAST.BUILDIHG
87 REM
N REM TAPES AN FILES, NONE
89 REM
90 REM POSSI.LE AREAS FOR MODIFICATION: MINICOMPUTER IMPLEMEN-
91 RE1 TATIONS MIGHT BE RTTEMPVED IF THE RASIC SYSTEM
92 REM PROVIDES FOR THE ADDITION OF USER-DESIGNED
93 REM FUNCTIONS OR SU&,ROUTINES WRITTE'N IN MACHINE
94 REM LANGUAGE TO COMPUTE THE HYPEPBULICS IN THE
95 REM RMGE l --4 TO 11--2 WITH S-OIGIT PREISIO.
96 REM
97 PEM
98 REM

99REM
IN8 REM
105 REM *5* LOW) STRUCTIt*. RESPON$E DATA *,5
110 REM
115 DIN HU93
120 DATA .153.31t.47,.6. 7,.8, .9, 11.05
125 DTA 1.1412,I42I .52.16 16.7,1 72130 DATA 1.75,1.78,1s i8,,118,,.,.l,1~

135 EVITA 1AY7,.931.84,1.64
140 FOR HInt TO 29
145 READ HUN1
150 NEXT HI
155 RE
160 RE" *4* LDAO RE-liA IDATA *5
165 RE"
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178 DIM REI8,23
175 DATA 5.0O08OE-82,.25,.11,.375,.2,.5,.31,.625,.44..75
180 DATA .6,.875,.79 1 1 ,1.128,..27,1.27,1.56,1.4I
185 FOR 1=1 TO 10
19 READ REI- 13,REIo23
I95 NEXT I
28 REM.
205 REM *** GET USER PARAMETERS *$
218 REM
215 LET X=O
220. LET X5=0
225 PRINT "INPUT INSIDE LONGEST DIM. IN INCHEStMj
230 INPUT LI
235 PRIN4T 'INPUT INSIDE 2ND LONGEST DIM. IN INCHES"I
248 INPUT L2
245 PRINI 4IHPUT INSIDE SHORTEST DIM. IN INCHES*;
258 INPUT L3
255 PRINT "INPUT PULSE PRESSURE IN P.S.I.Oi
268 INPUT P1
265 PRINT "INPUT PULSE DURATION IN MILLI-SECONDSj
270 INPUT P2
275 PRINT "INPUT OVER-PRESSURE IN P.S.I."i
288 INPUT W9
285 PRINT "INPUT CONCRETE COVERAGE IN INCHES j
290 INPUT J1
295 PRINT "INPUT CONCRETE ULT. IN P.S.I.M i
30 INPUT E3
305 LEI N1=30800/E3
310 LET N2=2*(N1-1)
315 LET S1=3*j1GA./N1
320 PRINT "INPUT STEEL ULT. IN P.S.I.";
325 INPUT E4
330 PRINT "INPUT NIH. WALL TNKNS. IN INCHES";
335 INPUT X8
340 PRINT "INPUT MAX. WALL THKNS. IN INCHES*i
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345 INPUT X?
350 PRINT "INPUT WALL INC. I !NCHES"'
355 INPUT X6
360 LET J3=((X7-XB)/X6+1)$40
365 LET Q=3.14159
370 PRINT
375 PRINT "*t********PROGRAM OUTPUT**************"
380 PRINT
385 REM
396 REM ITERATION, LOOPS: THICKNESS, SIZE, I SPACING
395 REM
400 FOR T=X8 TO X7 STEP X6
405 FOR S=4 TO U1 STEP 1
410 FOR U=12 TO 4 STEP -Z'
415 LET X7=0
4 0 LET L9=L1+T
425 LET LB=L2+T
438 LET L?=L3+T
435 REM
440 REM CALCULATE CENTROIDS S MOMENT OF INERTIA
445 REM
450 LET AI=RES-1,134U
455 LET A2=RES-1I23
460 LET J2=Jt+A2/2
465 GOSUB 2008
470 LET 11=1
475 LET C5=C3
480 LET C4=CI
485 LET J2=JI+3*A2/2
490 GOSUB 2000
495 LET 19=1
500 REM
5e!S REM SETS WORKING UARIALES
blS REM
515 LET WmaT$15'1?28
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520 LET R1=LI,'Z*525 LET R2=L2/2
530 LET R3=L3#12*535 LET R4=3*Ll/a
$40 LET R5=3*L2/8
5 LET R6=3*L3/8

550 LET Q?=Sl*ij
555 LET Q=l3jAX
560 LET 09=8i*lg
565 LT O05?8 LET U8=W*L8A4*I1/(L9o%*I

9+LqA4*Il)5?5 LET U6=W*L?4*!1/L9*%4*19+L?7L4*I1)
see REM585 PE14 ESTASLISHES LOAD OISTR18UTION t DEFLECTION598 REM'595 GOSUB 6090
680 GOSUB 7080
605 GOSUS 80
618 LET X7=X?*1
615 IF X7*5 THEO~ 658V2 ez F U<8s AD(I? *0 >THEN59
6308 IF U8>A8S~tC.02*>) TN 595

640 IF ~ USB (.2*06) THEN 595645 IF U6<sABS( .98*06) THEN 595
650 IF G142a THEN 665

660 poro 
16275r REM ESTABLISHES NTURAL PERIOD &NORrALJaa6Gm REMI
685 LET T=*ASRQ/s)*e
6W0 LEr T8,*2*P2.'T9

1098



65REM
788 REM CALCULATES AMP. FACTOR 16 SETS LOAD
705 REM
710 IF T8>.1 THEN 725
715 LET Y=.153
720 GOTO 790
725 IF T8<10 THEN 740
730 LET Y=1.84
735 GOTO 790
748 IF T8>1 THEN 765
745- LET H2=INT(T8*10)
t58 LET H4=.t
755 LET H5=H2/10
768 GOTO 788
765 LET H2=INT(((T8- /S ).)1
770 LET H0~.5
775 LET H5=1+((H2-10)*.5)
788 LET H1=H5+H4
785 LET Y=HEH23+( (T8-HS )/(HI-HS ) )*(HEH2+1,4CH20)
798 LET H9=0
795 LET W3=P1*Y
M8 IF W9)W3*4'5 THEN 818
605 GOTO 838
810 LET W3=W9
815 REM
820 REM CALCULATES MOMENTS
825 REM
838 LET JG=SQR( Q7'( W3*( W-UJ)/W*R3))
835 LET J7=SQR( 09/( (W3-W3*( W-U6 )'W)*R3))
848 LET U1uL?/Jg
845 LET U2=LB'J?
8B50 LET ZI=W3*U8/W*J6A2
055 LET 2=( W3-W3*( W-UJ8 A4)*J?A2
860 LET X9=U1
65 GOSUB 3M0
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870 LET 14=K2,'Ki
875 LET M1=Z*(U-42.K4)'4
886 LET wj*-5*,K2
885 LET X9=U2
898 GOSLJB 3000
895 LET K4=K2/Ki
988 LET 13=z2*( U2#'2-K4 )'K4905 LET M4=22*( 1- 5*UZ/K2)918 IF MI->t12 THEN 925
915 LET I19=M~2
WO0 GOTO 930
925 LET M9-t11
930 LET K9=9*C411*.?5
935 LET K82M9*C5*N/l1*?5
946 IF M13>l14 THEN 955
945 LET i19=l4
950 GOTO 960
9N3 LET M9wI13
9U8 LET K?=M9Q*C149g*.75
963 LET K6=M9*Cl*4*Nl19*.?5
970 LET G= K8+R3* W3-W3 j(W-1)/W )e( 2*A 1)975 LET G2=K6.R3*( W3-143*t F4-YJ6 )/a)0( 2*A1)988 IF W9>XW3*4/~5) THEN 1035
985 LET ElwE3/4
990 LET E~tmE4/4.s5
995 LET X5=xs+t
10e0 GOSUB 5000
1085 IF G5>0 THEN 1025
1618 IF XS*J3 THEN 1020
1015 IF GS=O THEN 1323
1820 GOSUB .9009O
1025 PRINT #MA~X, AMPLIFIED PRESSURE *JW1030 GOTO 1895
1635 LET EI-E343
1848 LE E2aE44
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1845 LET X3=X5+1
1050 GOSUB 5E0
1055 IF G5>0 THEN 1898
1060 IF XS=J3 THEN 1085
1865 IF G5=0 THEN 1325
10 REM
1075 REM OUTPUT
1880 REM
1005 GOSUB 9000
1050 PRINT "MA),. OUER-PRESSURE * ",19
1095 PRINT "NATURAL PERIOD=";T9
1100 PRINT "RE-BAR SIZE a ",S
1105 PRINT "DEPTH a "iT
1110 PRINT "STEEL SPACING w 0u
1115 IF GI>G2 THEN 1185
1120 PRINT "SHORT SPAN STRESS CONTROLS"
1125 PRINT "MOMEHT OF INERTIA ""I9
1130 PRINT "CENTROID DISTANCE ="1C1
1135 IF N3>14 THEN 1150
1148 PRINT "MID SPAN STRESS CONTROLS"
1145 IF G1>G2 THEN 11WO
1150 PRINT "SHORT SPAN STEEL STRESS CONTROLS*
1155 IF M3>14 THEN 1170
1160 PRINT "MID SPAM STEEL STRESS CONTROLS"
1165 GOTO 1205
1170 PRINT "EDGE STEEL STRESS CONTROLS"
117-5 GOTO 125
1188 PRINT "LONG SPAN STEEL STRESS CONTROLS"
1185 IF M1>M2 THEN 120
1198 PRINT "MID SPAN STEEL STRESS CONTROLS
1195 GOTO 1205
1290 PRINT "EDGE STEEL STRESS CONTPOLS"
1285 PRINT "LONG SPAN STEEL STRESS u";Gl
1218 PRINT "MARGIN a"iE.,G1
1215 PRINT *SHORT SP1AN STEEL STRESS "G2
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Ii

1228 PRINT "IMARGIN *""E2/G2125 PRINT "LONG SPAN CONCRETE STRESS m'jK91238 PRINT "MARGIN "'iEl/K9
1235 PRINT "SHORT SPAN CONCRETE STRESS u"K?1240 PRINT "MARGIN ""jE"K?
1245 PRINT "LONG SPAN MOMENT OF INERTIA ",I11258 PRINT "CENTROID DISTANCE ";C51255 PRINT "SHORT SPAN MOMENT OF INERTIA n"191268 PRINT "CENTROID DISTANCE '.C1
1265 PRINT
1270 PRINT
1275 IF X5,J3 THEN 1345
1208 LET XX+i
1285 REM
1298 REM PROGRAM ROUTING
1295 REM
1300 IF S=4 THEN 1360
135 IF X=3 THEN 1368
1310 IF V12 THEN 1335
1315 IF Xal THEN 1338
1328 IF X=2 THEN 1335
1325 NEXT V
1330 NEXT S-
1335 NEXT T
1348 IF X)0 THEN 13681345 PRINT "NO VALID SOLUTION .1350 PRINT "RE-RUN PROGRAM WITH LARGER WALL THICKNESS."
1355 GOTO 338
1368 PRINT "*** NORMAL TERMINATION4 *ll"
1365 STOP
2000 REM
2005 RE" CALC. CENTROIDS & INERTIAS
2010 REM
2015 LET 0=2*A *(H2+N1)22 LET Cm2*A1*(J2l-N,-.*J2-NIST)
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2625 LET CIU(-9+SQR(BA2-4*C))/2
2838 LET C2nC-J2
2W3 LET C3=T-J2-C1
2048 LET laI=CA3/34t42*A1*C2--2+N1$A*C3^%2
2045- RETURN
3006 REMI
3805 REM HYPERBOLICS
3610 REM
3815 LET KIa. 5*(V~P(X9nP)+EXP(-Xn))
3028 LET K2=.5*( EXP( X94 )-EXP( -X92))
3025 LET K3u4*X9*( 14K1)/K2+X9-^2
3838 RETURN
4006 REM
4865 REM CALC. DEFL.
4010 REMI
4615 GOSUB 3088
4829 LET CG*Z1*K3
4025 LET X9nU2
4036 GOSUB 360
4635 LET C?.22'6*K3
4048 LET C8=ABS(.?5*C6 ).ABSC Q6)
4845 LET C9=ABS(.75*C?)4ABS(Q5)
406 RETURN
5M6 REM
56= REM CHECK STRESSES
5618 REM
5615 LET G5w6
5M2 IF GI>E2 THEN 5845
5025 IF K9)EI THEN 5845
5036 IF GV2)E THEN 5845
5835 IF K?>El THEN %5
5048 LET G54.5+1
5845 RETURN
66M REM
6605 REM LOAD DIST. ROUTINE I
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680 R.Et
6815 LET O=U
6620 LET J6=SQR( Q7/( U6*RI))
6025 LET J7=SQR(Q9/'(U8*Rl))
6830 LET UI=L8/J6
6035 LET U2=L?/J7
6840 FOR U=1.00608E-02*W TO W4 STEP 1. 68M0E-02*W
6645 LET Q6=U*W2*R4/08
6850 LET Q5=(W-U)*R3*R4/08
6055 LET Z1=U*J6A2/( 8*U6*Rl)
6060 LET Z2=(W-U )*J?'^2/( 8*U8$R)
6065 LET X9=UI
6678 GOSUB 480
6075 IF C8>C9 THEN 6085
6880 NEXT U
6685 LET Gl=CS
6098. RETURN
7688D REM
7965 REM LOAD DI1ST. ROUTINE 2
?810 REM
?015 LET 08uU8
7028 LET J6c=S0R(Q7/((W-U)*R3))
7625 LET J?=SOR(09/((W-U6)*R3))
?830) LET UI=L9eJ6
7035 LET U2:L8/J7
?040 FOR UQl88 cieE-02*W TO W STEP I .0ME-62*W
71045 LET 06=U$*R1*R6/09
7058 LET Q5= W1J8 )*R2*R6/Q9
7055 LET ZlU*J6A2'(8*(4-I)*R3)
7060 LET Z2=( W-U8 *J?AZ2( 8*( W-J6 )*R3)
7065 LET X9=4J1
7870 GOSUB 4000
7075 IF C8>C9 THEN 708
7M8 NEXT US
M05 RETURN
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660 E
8095 REM LOAD DIST. ROUTINE 3
8618 REM
8015 LET 06=U6
8022 LET J6=SQR( Q? ( U*R2))
802.5 LET J7=SQR( 09/%( (W-U8)R2))
8830 LET Ut=L9/J6
8035 LET U2zL7/J7
8840 FOR U6=1 .0000E-02*t TO 1 STEP 1.8 8-U2*N
8845 LET 06uU6*R1*R5/08
8058 LET Q5=( W-UG):R3/R5/E8
855 LET ZuU6*J6A2/( 8U*R2)
8068 LET Z2=( W-U6)SJ?^2(8*( -U8)R2.)
865 LET X9=Ui
8070 GOSUB 4898
8075 IF C8>C9 THEN 8885
8080 NEXT U6
8885 LET G2=C8
8890 RETURN
9888 REM
9885 REM CIAGNOSTIC
9016 REM
9015 PRINT
9020 PRINT "***** NOTE ****"
9025 PRINT "SOME STRESSES ARE HIGHER THAN ALLOWABLES"
9039 PRINT "USE THE INFORMATION OUTPUTTED BELOW AS"
9035 PRINT "GUIDANCE BEFORE PICKING A NEW WALL"
9040 PRINT "THICKNESS AS DIRECTED BY THE PROGRAM"
9645 PRINT
96 RETURN
9999 END

READY
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PR PIACNN (2RACTERISTICS

AND IMPACT EPIECTS IN PBTOTIVE DESIGN

John J. Haley and Samuel Weissman
Aanuu & Whitney, Consulting Engineers

New York, N.Y.

ABSTRACT

Based upon a comprehenive review and critical analysis of available

Information, the material on primary fragment characteristics and frapnt

Imsact effects in the tri-service desip manual, "Structures to Resist the

Effects of Accidental Explosions" ('DI 5-1300) has been updated and expanded.

This paper sumrizes the results of the study in the areas of ftament

desip paramters and the effect of fragment Ipact upon concrete bartir

and steel plates. Charts developed to facilitate dUsign calculations are

included.
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An important consideration in the design of structuras for accidental

explosions Is impact by primary fragmnts, the relatively smell, high veloc-

ity frgmants produced 'vou the casing of a detonated explosive container.

The tri-service design manual, "Structures to Resist the Effects of Ac-

dental Explosions, I'N 5-1300,# (Ref. 1) contains procedures for treating the

phenomena of fragmentation and fragmnt impact into concrete and compoiete

barriers as they relate to ,-ttective structure design.

As part of its overall Engineering Support Program for the U.S. Army

Armament Comemnd (AMCO, the Manufacturing Technology Directorate of

Picatinny Arsenal with the assistance of Aumnsn & Wbitney has undertaken a

study to update these design procedures and to espand the treatment to include

other structural materials. In order to accomplish this objective, a detailed

review and critical anslyais of existing data and aaalygical approaches was

performed. Based upon this review, revised and expanded esign procedures

for protective structures have been developed. The background for and the

development of this material is described in Ref. 2. In addition, this

reference contains design charts, tables and detailed example problems.
The objective of this paper is to summirie the material in two aem, the

determinstion of primary framt design characteristics and the effect of

primary frarment impact on concrete bwerio an d steel plates.

flAGUNT CHARACERRSTICS

General

Design for fragent pnetration effects requires a coplete detisitie"
of the probable characteristics of a critical design faggeset at its point of
Impaut with the structure. The hom data commist of a given eplosve in
a coteler of known oeometry end materiAl properties at a specified distagc
from the protective structure. 2Te principa frapest characteristics a
MMUM Vaimw ad include the total umber of fragpmant Meesd ad te "ie
tribution of their wights, the dtial t*ragu elwty Md othr physical
and geometrical chrcteristics.

Trmes a Vet Ditributiom

Upon detonatio Of aN eplOeive COOAZer, the caoift bceaks up into a
large nber of high velocity fre eAta with Varying waights. iseip calcule-
tioss reqwite that the weight of a so-called critical fTrVMt e defied. A
basic equatto definngg tbs 9ei6ht distribution of retsid ftapA W bai Sm
provided by Wet (1sf. 3), i.e.,

IS a3 00%) - NI)

wbare w- e mber of fragmets vith weight pumw thee

the frawmst Nwh, 11i
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C' - frageout distribution contant -C/(2 3

C - total easin weight (oum e)C- - CI()MZ

VIP - fremat weight (ounces)

NA  fragfnt distribution paramter

" "td 11 + tl/d1]

ti - average cas g thickness (Inches)

di.- aeraeM Inside dimeter of casing (inches)

B - explosive constant (Table 1).

The Mott equation ssume that the fragnta result frov the high-
order detonation of a uniform thickness Cylindrical caming filled ith evenly
distributed explosive. Since no procedure in available for a more general
coefiguratio, actual explosive containers ore usually treated as one or more
QULVltat Cylinders maeting the required conditions.

3quatiou (1) was derived assuming that the frapgentation process can
be described as the tvo-dimsnauionl break-up of a thin-valled casing. Although
there t some evidence that the frapentation of thick casings (t, > 0.6 in.)
should be consadev d as a throe-dimas toial process, the Mott equation has
been shown to produce estivates of fragment wmbers and w ights In substatial
agmeeent with experinTu'A results.

In order to refine the treatment In Ref. 1, forml were developed,
based an Equation (1). for the total Umber of released frapents, for the
av*rag frgaent weight and for the deign faVmat waight In term of a "pecA'
fled desits probability or delp cofideance level.

The Mott equatlon can be expressed In the folldwig fous

fi- C_ A (2)
22

ZNA

Hace, the total alber of frapenee Is

ad the averae ftegosat weight can be found

46 2M (4)
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The ratio N /N represents thct fraction of the total number of fragmentg
which have I 4 it Mrater than V - It is interesting to observe that 75.7
percent of all primary fragisaute gteratei by the detonation have a weight
less than that of the snrrsge fragment velght. Hence, the Mott equation
predicts the relesse of a contiawius distribution of fragmen-ts ranging in
size fromt a large nzs*nr of lightweight particles to a small number of very
heavy casing fragueuts.

The probbility, 1 - NXNT that weight V Is the larqgest weight
fragentrelesedis dof ined as the design coat ile;ce leavel, 'CL, and cAa be

Rijuatio 5cn the be rearranged to ^xpress theaeisiga fzagment weight.
Va amt of the prescribed probability or deoign copsfideace level:

V w2 ju~.CL) (6)

It should be recopkized thAt tne Mott equsfloa r$si4a valueof V
exceeding the total casing nei&ht P. for valwx of CL extraely close to one*
Although au adjusted equatlou ft V was ftriwd whIch takes into 4QCOW~t tho
finite upper limt of Vcompariso, elf thia. 'equation with. Equstics (6) shows
that the resutts are virtually identical ejcpt for.CL values of the -order of
0.9999 and greater. Hemnce. Equation -(6) Jtanud* 4 for use. lu 41 pt~c-
tical deaiqn cases.

tn order to illustrakte tho Iwlemsttno hs-rltoaiat
pratical dets tp'sprockdnre U, otw1$ed blow. -Design th#arce
(7 1g . 14 2 ,Ad 3). have be" d"n10-"d to te'tice. t0e Await a~ necssay
calcuutatn.

CXMf; 1A q1Iftdricl casing flned withA V-pecfte explosive, i'wid4 dlec
of yltder 'd~ (iA)*clunvi thltkn1s 1 (i.), total

flMDz flsgwAt. diu$to wiA4hk*U1. Also# c-"acule the asiar. ojf tranata
n44avt gn~at 4hAn Sr

SM.t0 MM ) Ahe7. ,dteis for kWf wisse of A. aodt1
.Vtb #AIMs Of 8 fmo Table I corrssaodtag to, 4i4n estoeaivemp
detests. fsegnce dtStdUtIonA prAUtar* ~

()PCo" fig. Z, G4witw desigut fregsat waiht, %
tor prefcribed Q, aelu as 'uS prriousy d ie

(3) I si. I, blaeani. qtanitty S,14/C for beftan d 4
0OAie the tOta *umber of patttJl"s, %,t fogr kF~msCis
naj0t C a"d eV1loein atoua 31.



(4) Calculate N the number of particles with weight greater than
the design fragment weight from the following relationship:

Nx - NT(l - cL)

Initial Fragme t Velocity

The initial velocity of primry fragments resulting from the detonation
of cased explosives is a function of the ratio of explosive charge to casing
weight and of the explosive output of the explosive. Gurney (Ref. 4) was able
to derive, on a theoretical basis, expressions for the initial velocity of some
specific containerlexplosive configurations. Assuing an even distribution of
explosive charge and a uniform casing wall thickness, the following expression
was developed for the initial fragment velocity resulting from the detonation
of a aylindrical container:

______ 1/2
1/2[l E/c]Vo -_) L + O. sE/c] (7)

where (2E')1/2 - Gurney explosive energy constant (fps) (Table 1)

E - weight of explosive (in design calculations, E - 1.2 time

the actual explosive weight)

C - weight of casing

Vo - initial fragment velocity (fps).

Fig. 4 shows the variation of the normalized quantity V,/(2E') 1 / 2 with E/C
for this case. Expressions for the initial velocity for other configurations
are sumarized in Ref. 1.

Although the calculated velocity actually corresponds only to the
smaller fragments, the variation of velocity with fragment weight is not well
defined and hence, is not considered in design calculations. Instead, the
conservative assumption is made that all fragments generated by the detonation
travel at the velocity calculated from the Gurney equation.

An alternate fragment velocity expression derived by Mott (Ref. 3)
for a cylindrical casing is:

Vo a [(E/c)kfl l / 2 (8)

where Vo - initial fragment velocity (fps)

E/C a ratio of explosive weight to casing weight

k a explosive output constant (Table 1)

f w factor defined as follows:

f a -0.682 lo810 E/C + 0.80 for E/C % 0.509

f - 1.00 for E/C < 0.509
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Comparison of calculated initial velocities from Equation (7) 'with

those from Equation (8) shavs that consistently higher values are obtained

with the Gurney velocity equation. An expression can be developed for the

ratio of the Gurney velocity to the Mott velocity as a function of E/C:

v/v11/2 (9)
rK I + 0+.5E/C)fj

Plotting this velocity ratio relationship for TNT (Fig. 5) shows that

for high values of the B/C ratio, the calculated velocity ratio is consistently

greater than one; e.g., for TNT, VG/VM equals 1.37 for E/C equal to 10.

Therefore, for design purposes, it is conservative to base initial velocity

calculations upon the Gurney equation. It should be possible to resolve this

discrepancy by examining the basic assumptions and ranges of applicability of

the two velocity prediction equations.

In addition, the source of variations in measured Gurney constants

should be investigated. Reported values of the constant 12ET for a given

explosive show variations of up to 12 percent.

Variation of Fragment Velocity with Distance

Since the fragment velocity of interest is the velocity of the fragment

when it strikes the protective barrier, the decay in fragment velocity with

distance is considered for distances greater than about 20 feet. The varia-

tion in velocity is a function not only of the distance but also of the area

to weight relationship for the fragment [A/W - 0.78/(W)1/3 for random

steel fragments), the drag coefficient (C% - 0.6) and the air density (Ref. 5).

The resulting expression for the striking velocity is
_o.o04Ra/ 13

V - .oe (10)

where Vg - fragemut velocity at distance R from detonation (kfps)

Vo  Initial fragment velocity (kfps)

R m distance (ft) from detonation to the protective barrier

W- fragment velht (oz).

The variation of the ratio V/V 0 oveV a range of fragment weights for

various distances R is shown in Fig! 6.

Priary .FrsFunts - Caliber Density, Shape and IM!act Angle

The randowes in fragment characteristics applies uot only to their
weight and velocity but also to the asture of the fragment surface uhicd

strikes the barrier, the relation between weight and diameter and the angle
of impact. For deslgu calculations, It is necessary to specify standard
fragment characteristics.
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The total veight/diameter relationship is usually defined as the
caliber density of the fragment

D - WF/d 3  (11)

where W - fragment weight (ib) and d - fragment dianeter (in.). The nose
shape factor, N, is defined as

N - 0.72 + 0.25An - 0.25 (12)

where n - the caliber radius of the tangent ogive of the assumed fragment nose.

Two possible fragment shapes with their corresponding caliber densi-
ties and nose factors are shown in Fig. 7. The shape In Fig. 7(a), the
"blunt" fragment, is considered as the "standard fragment" in the penetration
design charts presented in the following section. While this fragment shape
has a milder nose shape than the alternate shape, it is felt to be appro-
priate considering the small number of fragments which will strike the
structure nose-on and the small fraction of these which will have a more
severe nose shape than the standard fragment. Moreover, the length to
diameter ratio of these fragments is felt to be more representative of an
average fragment configuration.

The angle of obliquity is defined as the angle between the path of
the fragment and a normal to the surface of the barrier. In order to design
for the most severe condition, normal impact, i.e., an obliquity angle of

V4  zero degree, is usually assumed in penetration calculations.

FRAQ(ENT 1HPACT EFFECTS

General

A number of different phenomena are associated with primary fragment
impact having different consequences with regard to personnel safety, damage
to sensitive equipment and the detonation of additional explosive containers.Since a primary fragment can generally be categorized as a high-speed particle
with a mass much smaller than the barrier or target which it strikes, the
interaction between local penetration effects and any overall structural
response engendered by the impact is not significant. The effects of impactcan then be broadly grouped into two classes, namely (1) "front face" effects
which include deformation of the missile upon striking the surface, possibleshatter or ricochet of the missile, spelling around the point of impact in auirs or less coniAl Cerater and penetration of the missile into the barrierwall, and (2) 'Vack face" effects including the possible formation of a back
face crater with 'palling and/or perforation wherein the missile completely
Peuttrates the barriers and exits with a known resIdual velocity.

The Intent herein is to treat those effects which have a criticalbearing on the structural design of protective facilities, e.g., depth of
penetration, the prediction of residual fragment velocity in the event that
perforation occurs and the prediction of spalling of concrete berrver. The
emphasis is upon the developuent of design data rather than a complete des-
cription of all the phenomena involved.
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The two basic factors affecting the damage inflicted upon the barrier
are the characteristics of the fragment (as defined previously) and the prop-
erties of the barrier material. The basic equation underlying all penetration
formulations is Newton's Second Law of Motion. The case of "mass penetration"
wherein the penetration process is treated as the rectilinear motion of a non-
deforming fragment through a thick homogeneous material serves as a baseline
for which a good deal of test data is available and for which an analytical
approach can at least be formulated. However, even for this soiewhat simpli-
fied case, a complete analytical solution is not available due mainly to a
lack of understanding of the exact manner in which the resisting force repre-
senting the interaction between the penetrating mass and the barrier varies
as the panetrator travels through the barrier.

As a result, missile penetration which has been under serious study
since the mid-eighteenth century has remained predominantly an empirical field.
This fact Is evidenced in the comprehensive review by Robertson of the sig-
nificant work in this area prior to World War II (Ref. 6), in the suary of
the extensive research programs conducted during the war (Ref. 7) and by the
orientation of most of the research activity since that time. Empirical
study of this subject is also quite difficult due to the the degree of scatter
exhibited by experimental penetration data and the difficulty involved in com-
paring experimental data generated by different investigators.

Concrete Penetration

In the development of a design equation for concrete penetration, the"'massive penetration" case is considered, i.e., the following conditions are
assumed: (a) the angles of obliquity and yaw are zero, i.e., both the path
of the missile and the missile axis are coincident with the normal to the
surface of the barrier; (b) the missile is an inert non-deforming armor-
piercing (AP) projectile or fragment; (c) the barrier or wall constitutes a
uniform target of sufficient thickness that this finite dimension does not
influence the penetration, i.e., it is assumed initially that back-face phe-
nomena do not influence penetration; and (d) the loss of fragment mass during
penetration is not considered. In order to avoid complications introduced by
missile and plate hardness effects and non-normal impact, these topics are
treated separately as modifications to the basic penetration case.

Under these conditions, the penetration problem essentially involves
the one-dimensional motion of a particle with given initial conditions into
a target medium which resists the motion. According to the separable force
law postulated by Beth (Ref. 8), the force on a penetrator at a given instant
is a function of both its current velocity and Its current depth of penetra-
tion. Adopting this assumption, the basic equation of motion can be solved
for the maximum caliber penetration. By including the values of the empirical
constants which provide a good representation of observed penetation data
(Ref. 8) and by establishing a eighted average value (6.53/f) for the con-
crete penetrability constant (K), the following semi-empirical concrete pene-
tration equation was obtained:

G(Z) -6.53 NDdO'ZV1 .8 (13)

c
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where G(Z) *1 2 for Z < 2

- Z -1 for Z > 2

and, to suarize

N - nose shape factor

3 3
D - caliber density of the missile, W/d3 , (lb/in)

W - missile weight (1b)

d - diameter of missile (in)

V - striking velocity (kfps)

Z - caliber penetration, x/d

x - depth of penetration (in)

V - concrete compressive strength (ksi).
c

As shown, this equation accounts for the missile nose shape, N, the missile
caliber density, D, the iffect of the concrete compressive strength, and
the scale effect for peneration into concrete, i.e., the observed increase
in muximu caliber penetrtion with increase in projectile caliber for other-
wise similar projectiles.

Equation (13) can also be re-arranged in term of the maximum depth of

penetration.

For x 2 2d,

- aN d 1 .Y' 9  (14)

and for x > 2d,

x -KND dl.2VI '8 + d (15)

These equations were compared with other formulations and experimental
data for the normal penetration of reinforced concrete by armor-piercing
missiles. Fig. 8 shows the variation of maximum caliber penetration with
striking velocity corresponding to Equation (13) and to concrete penetration
formulas from Refs. 1 and 9. Also shown are the results of tests on concrete
slabs as reported in Ref. 7. The results indicate the following: the pene-
tration equation In Ref. 4 underestimates the experimental data at low
striking velocities and overestimates the results at higher velocities. In
general, the equation in Ref. 9 and Equation 13 agree quite closely and give
conservative estimates vs. the test data. It should be noted that the pene-
tration equation from Ref. 9 does not account for nose factors different
from 1.0 and, as the ttriking velocity approaches zero, the caliber penetra-
tion approaches a finite value of 0.5, indicating that the equation gives
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overly conservative results at low striking velocities. Finally, Fig. 9
shows an excellent correlation between Equation (13) aud a series of test
results on concrete slabs described in Ref. 10.

It can be concluded from these comparisons that Equation (13) provides
reliable estimates of massive penetration by armor-piercing projectiles into
reinforced concrete.

Equations (14) and (15) can be expressed in more convenient form for
design against impact by the standard design fragment shown in Fig. 7(a), by
substituting the N and D values for the standard shape and assigning the
value of 5 ksi to fV. The resulting penetration equations in terms of the
fragment weight, WF (oz), are therefore:

For x < 2d,

x 0.37 0.9 (16)x-=0.91WF  V (6
F

For x > 2d,

x - 0.30Wu0 40V.8 + 0.575W. 33  (17)

Depth of concrete penetration according to these equations for a
range of velocities and fragment weights was developed to facilitate design
calculations as shown in Fig. 10.

Equations (16) and (17) and Fig. 10 apply to the penetration of 5 ksi
concrete by an armor-piercing steel primary fragment. The results can be
adjusted for a different V by multiplying by the square root of the ratio of

*5 ksi to the fc of the concrete in question.

Steel Penetration

In developing a prediction equation for the penetration and perfora-
tion of steel plates, it is important to recognize some qualitative differ-
ences between failure mechanisms in steel and concrete barriers. The failure
mode of primary concern in mild to medium hard homogeneous steel plates sub-
jected to normal impact is ductile failure. In this mode, as the missile
penetrates the plate, plastically deformed material is pushed aside and
petals or lips are formed on both the front and back faces with no material
being ejected from the plate. For plates with Brinell hardness values above
about 350, the likelihood of failure by "plugging" increases. In this mode
of failure, a plug of material is formed ahead of the penetrating missile
and is ejected from the back side of the plate. A third mode of failure is
disking or flaking in which circular disks or irregular flakes are thrown
from the back face. This type of failure is mainly of concern with plates
of inferior quality and should not therefore be a common problem in the design
of protective structures.

An empirical design formula was developed considering the ductile
failure mode and subject to the conditions sumiarized above for massive pene-
tratLon, i.e., normal impact, non-deformaing projectile, etc. An important

1116



difference with steel penetration is that penetration and perforation are

treated simultaneously since back face phenomena do not influence the depth

of penetration as was the case with concrete. For this reason, most of the

steel test data are from perforation tests. The usual criteria of failure

considered in such tusts are the so-called Navy limit in which the missile
completely passes through the plate and emerges with zero velocity and the

protection limit criteria in which the assile emerges with sufficient veloc-

ity to pierce a thin sheet located a short distance behind the plate. At

normal incidence, any differences attributable to these alternate definitions

of plate failure are within acceptable limits for the purposes of this study.

Various empirical formulas valid for certain limited ranges and various

sources of experimental data are available in the literature. A conservative

prediction equation will be determined from these results by evaluating the

coefficients in the following semi-empirical equation

Z - ClDVC 2  (18)

This equation is similar in form to the concrete equation but does not ex-
plicitly consider the influence of the missile nose factor or the scale effect
since these factors are not significant for steel penetration. It is rec-
ognized that due to the relative hardness of the missile and the barrier
in the case of steel/steel impact, the likelihood of missile shatter and
ricochet is higher than with concrete/steel impact. However, for simplicity
and conservatism, these effects are not considered in this design equation.

Steel penetration results from a number of sources (Refs. 7, 11, 12
and 13) were plotted together (Fig. 11) and compared for the assumed condi-
tion of penetration of an armor-piercing missile into mild steel. In order
to convert the available results to these conditions of missile and plate
hardness, it was necessary to develop conversion factors as smarized in
the next section of this paper.

A good deal of scatter is apparent in these results. The main source
of this scatter Is the sensitivity of steel penetration to the relative hard-
ness of the penetrator and the barrier material due to variations in test
specimen material properties from their nominal values. To so" extent,
differences in definition of plate failure, different nose shapes and the
scale effect due to the range of projectiles which these results represent,
my also be responsible for some of the spread in the plotted results.

The extensive data from the THOR Project essentially represents an
upper bound to the results illustrated in Fig. 11. Consequently, in order
to provide conservative equations for use in protective design, the empirical
coefficients in Equation (18) were essentially determined on the basis of these
upper bound results. The following penetration equations were developed:

for AP steel missiles penetrating mild steel plate,

Z - 2.33DV 2 2 2  (19)

for mild steel missiles penetrating mild steel plate,

Z - 1.63DV1 '2 2  (20)
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In order to facilitate the use of these steel penetration equations
In design for primary frgment impact, they can be expressed in the follow-

Lng simplified forms:

for AP steel fragments into mild steel plate,

- o . w0 . 3 3.Vl.22

for mild szeel fragments into mild steel plate,

-0. 2lW 2  (22)
F

where - fragment weight (oz), V - striking velocity (kfps).

A design chart for steel penetration by primary fragments according
to Equation (21) is presented in Fig. 12.

Other Influences on Penetration Depth

A. Missile Material

Since most penetration tests and penetration equations apply to
steel and particularly to armor-piercing (AP) steel missiles,
conversion factors are used to accotmt for the effect of material
properties of the given mssile according to the follwing
relation:

,non-AP - kPXAP (23)

where XLn.A - penetration achieved by a non-armor
piercing steel missile

p - penetration achieved by identical
armor-piercing steel missile.

The k factors are determined based on the assumption that
the rllative penetration achieved by a missile of other than
armor-piercing steel can be related to the material density
and Brinell hardness number. The k. factors developed in Ref. 2
and summarized In Table 2 are essentially Identical to those
fomd in TM 5-1300 with the exception of aluminum for which the

value has been reduced from 0.25 to 0.15. It should be noted
at since the projectile material has a reduced effect on pane-

tration at hypervelocities (> 5 kfps), these relative penetrability
factors are not strictly applicable and their use In such cases
may be unconservative.

B. Steel Plate Hardness

In general, the resistance to penetration of a steel plate increases
with Increasing Brinell hardness to the point where brittle frac-
ture or plugging type failures occur. In Ref. 1, the ponetrations
wre found to be proportional to the following empirical factor:
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f e - (24)

eeB2+ wB

where B - Brinell hardness number

w - 5.41x 10
-3

C - -8.77 x 10 - 6

This function has a minim value at a Brinell hardness of -W/2E
or about 310 for steel. The function, as shown in Fig. 13, is
relatively flat in the region of this minimum. In order to con-
vert data for penetration into steel with a given Brinell hard-
ness to the corresponding penetration into a different type of
steel, the following conversion formula can be used:

f
'h2 (25)

fhl

where 1 " depth of penetration into steel plate
with Brinell hardness B1

XB2 - depth of penetration into steel plate
with Brinell hardness B2

fhl' fh2 - plate hardness factors from Fig. 13.

Since the required thickness to provide protection with a plate
with a very high Brinell hardneis (> 400) may actually exceed
the thickness required for a milder steel plate due to the
ejection of a plug before the plate is perforated, the use of
more ductile plates is advised where deep penetrations are
anticipated.

C. ObULuity

It is possible to make a conservative estimate of the effective
normal penetration of a missile impacting a target with other
than normal incidence. The following relationship provides an
upper bound to the penetration achieved normal to the surface of
the plate, X:

= uXcosO0 (26)

where X a penetration Zor iasile vich striking

velocity V5 and zero obliquity

Vs - striking velocity

8 a angle of obliquity

n - 2 for V, _l 2.5 kfps

* = I for V8 > 2.5 kfpa.
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Concrete Spalling

Upon impact of a high velocity fragment with a concrete wall, large
compressive stresses are developed and a region of high stress expands
spherically toward the back face. When the compressive stress waves reach
this free surface, they are reflected and travel back as tension waves. If
this disturbance exceeds sow critical level, pieces of concrete become
separated fromu and fly away from the back face of the wall, i.e., spalling
occurs. Spelling is a factor In protective design in two significant re-
spects:

a. The release of secondary concrete fragments with significant
wse and velocity represent a danger to personnel, equipment
or explosives on the back side of the vail;

b. The spelling of material in the path of the penetrating
fragment causes the plate thickness perforated by a given
fragment to exceed the equivalent depth of penetration into
a messive plate.

The primary approaches to mininizing the effects of spalling are to
provide a wall with sufficient thickness such that spelling will not occur
or to add steel spall plates to prevent the release of the spelled particles.

Empirical spalling equations for certain test series are available
:4 from Refs. 7 and 14. These equations along with some data from Ref. 7 are

shown In Fig. 14. The following single expression was developed from these
expressions:

top a 1.22Zdl'l + 2.12d (27)

Thus, upon calculating the caliber penetration into a massive concrete
slab for a missile with diameter d, the slab thickness corresponding to the
first occurrence of spelling, tap, can be determined from Equation 27.

Perforation and Residual Velocity

The moat critical effect of fragment impact upon a protective barrier
is complete penetration or perforation. This criticality is due to the sym-
pathetic detonation of explosives on the rear side of the wall or the serious
damage to personnel and equipment which may result if the fragueut emerges
from the back face with sufficient residual velocity. The basic massive
penetration equations are used here also to predict the occurrence of per-
foration and in the calculation of the residual fraguent velocity upon
perforation.

Since spelling is not a consideration for penetration into metallic
barriers, the penetration equations can be used directly to determine if a
finite thickness of plate will be completely perforated. With concrete,
hoWever, spalling has a significant influence upon the slab thickness which
will be perforated by a given fragment. The perforation thickness can also
be related to the equivalent massive penetration based upon the results fom
Refs. 7 and 14 and as shown in Fig. 15. Based upon this data, the following
perforation prediction equation vwes developed:
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tpf - 1.13Zdl " + 1. 31d (28)

Thus, the thickness, t f, of a concrete barrier which will be perforated by
a given fragment can bg determined based upon the caliber penetration of the
fragment into a massive concrete slab.

In cases where a barrier is perforated, it is necessary to calculate
the residual fragment velocity in order to evaluate pssible effects uponitems located behind the barrber.

At the onset of the calculation, the known information will generally
consist of the following:

For steel, the calculated fragment penetration, x, is found
to be greater than the actual plate thickness, t;

For concrete, the perforation thickness, tpf, exceeds the
barrier thickness, t.

In both cases, an expression is needed for the residual velocity, Vr, in
terms of the plate thickness, the striking velocity, Va and x or tpf.

The basic relationships for determining residual velocity were ob-
tained by relating the velocity value at an intermediate depth if penetration
to the striking velocity for the general case of massive penetration.

For concrete penetration, the following residual velocity relationships
were developed in this manner:

(Vr/% ) - 11 - (t/tpf)210 .5 5 for x < 2d (29)
and (Vr/Vs) a (1 - t/trf)]0.555 for x > 2d (30)

For steel penetration, the resulting residual velocity equation is:

(Vr/V. )  (1- tX)0 "82 (31)

Equations 29, 30 and 31 are presented In non-dimensional form in
Figs. 16, 17 and 18.
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TABLE 1

EXPLSIV! CONSTANTS

Jmu B (Eq. 1) OUTPUT
EXPISIVE KATERIAL ENER CONSTANT CONSTANT (Eq. 8)

/ , (fps) (oz 1 2 /u7/6) k

Amtol 6190 0.35 2.7 x 10

Coap. B 7880 - 4.4 x 107

-6 7710 0.28 -

Hexaadte 6850 0.32 3.3 z 10 7

Pentolite 7550 0.25 -

RDX/TNT (75125) 7850 -

RDX/TNT (70/30) 8380 - -

RlM/TNT (60/40) iadO 0.27 4.4 z 107

TNT 6940 0.30 3.6 x 10 7

Tetryl 7460 0.24 5.2 z 107

Torpex 7450 - -

TABLE 2

Il.T IV! PENETiABILITY cOlC WiT, kp

BRIMIl= PENETWIMLIT'
HISSILE DENSITY HARDNESS NU NOIM0EFICIEIT
M&TSPLIAL (lb/lu3) (W1) kp

AP Steel 0.283 285 1.0

Mild Steel 0.283 140 0.7

Lead 0.385 10 0.5

Alunu.m 0.098 32 0.1.5

1122



REFERENCES

1. "Structures to hesist the Effects of Accidental Exploelons (With
Addenda)", Department of the Army, Technical MIsl TH 5-1300,
Washington, D.C., Jume 1969.

2. "Primry rapent Characteristic* and Penetration of Steel, Concrete
and Other Materials", Picatinny Asenal, Technical Report, Draft.

3. M0TT, R.l., "A Theory of Fuauentation", Army Operational Research
Group Ho., 113-AC-3642, Great Britain, 1943.

4. GUI , R.W., "he Initial Velocities of Frapents fro BomUbs, Shalls
and Grenades", Report No. 405, Ballistic Rasearch Laboratories,
Aberdeen Proving Ground, Maryland, September 1943.

5. THOKAS, L.H., "Computing the Effect of Distance on Deage by Fragments",
Report No. 468, Ballistic Research Laboratories, Aberdeen Proving Grcmwd,
Haryland, 1944.

6. ROBERTSON, H.P., "Terminal Ballistics", Preliminary Report, Coamittee on
Passive Protection Aainat Bob i, ational Research Council, January
1941.

7. "Effecte of Iq'.ct sad Euploefom", Tolow 1, Office of Scientific Research
and Developmet, National Defense Reseamrb Comittee, Vashington, D.C.,
1946.

8. SET, RA., "Final Report on Comrete Penetratioo", Report go. A-388,
Rational Defense Research Comittee, Office of Scientific lseach and
Devirre nt, match 1946.

9. "wPe. tals of Protective Dtesl (No-Noudcr)", Departsnt of the
* Uy, ~tdnical nal H 54-855-1, lishinston, D.C., July 195.

10. STIPE, J.G., et al., "Ballistic Tests on Smll Cactete Slabs", interim
Report No. 26, C01 tottee 00 Ptorificatiom DesKa, HAtionl 1a4bach
Council, June 1944.

U. "The Resistance of Various Metallic Htetae to Perforation by Steel
Famgments: Zuprical Relationships for Frapient Residual Velocity
*nd lasidual Weigat", Project TOR Technical Report No. 47. Ballistics
Research Laboratories, Aberdeen Proving Gounmd, Maryland, April 1961.

12. JOUNS0, C. and HOSlJE, J.W., "".rel1a1iary Warbead Terminal Ballist-c
landbook. Part 1: Terainal Ballistic Effects", HVWEPS Report No. 7673.
U.S. Raval Weapons Laboratory, Dehlgren, Vitrginia, Match 1964.

13, IPSON, T.V., "Deformation and Reduction in Weight of Compact Steel
Fauonts Perforating Thin, Mild Steel Plates", MNC TP 4553, Naval
Weapons Center, January 1968.

14. "Industriel a tgnoerIng Study to Uatablish Safety Design Criteria for
Use in Eniueering of Explosive Facilities nd Operations", Amean &
Whitney, Consulting Engineers, ow York, N.Y., Rte3rt for Picatinny
Arsenal, Dover, Ne Jersey, April 1963.

1123 s



in-

o-

It lit

00 00 0

ci c 6

fl2Iu



100.T

-r 4- -

0

0

202

- 1........f....- .



I fII III III II0
0r k ho

L--H ~ h II;I0
f, H --

I I LL I

ci

Ju I

o 93

lit cu Z Z

~W / 4

0 113



too umbes next to curves

50

t0

10

0.

zo

0..6

0.2

0.1

0.05 1

0.01
100 50 20 10 5 2 1 0.5 0.2 0.1

INSIDE DIAMETER OF CASING, dl (in)

FIGURE 3 - 2N VERSUS CASING GEOMETRY
C

1127



0z
2

0

I0

z

N Ir

I-

00

$!YY')

1128-



1.4 IIIIIII -III 11 I

EXPLOSIVE: TNT

%%1.34+

0
2 iU

>-
]fil-

0t If 6 1 8 10i I

FIUR I RAIO OF CALCLATE INITIAL
VEO>IS s /

1129E



80.0 U 111,:
60.0 NUMBERS NEXT TO CURVES

500 INDICATE DISTANCE TRAVELED
4.' BY FRAGMENT (ft.) l

30.0 :

20.0 
1

8.0T
60.0 +; .I

wf
I4.-

10.04 H :I i
0.3 11 i.

[J . I ii.



d

- -n =R/d 0.5
N =0. 845

d, Volume =0.654d3
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D *0.34 lbin. 3

7 (b) ALTERNATE FRAGMENT SHAPE

FIGURE 7 -PRIMARY FRAGMENT SHAPES
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STEEL STRUCTURES TO RESIST
THE EFFECTS OF H. E. EXPLOSIONS

By

Paul Price, Picatinny Arsenal
Norval Dobbs, Ammann & Whitney

ABSTRACT

This paper summarizes the recent Picatinny Arsenal reports

which delineate procedures for the design of steel structures to

resist the effects of high explosive detonations. The data presented

herein is similar to that given for reinforced concrete structures in

TM 5-1300.

A discussion of the use of pre-engineered buildings as

well as procedures used in the design of "Strengthened Frangible

Construction" are included, Also discussed are the use of structural

steel for both close-in and far range blast effects and economical

factors to be considered at various design levels.
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INTRODUCTION

In conjunction with the design of new and modified Amy Ammunition

Manufacturing Facilities, a broad requirement for structures which must

provide personfiel and/or expensive equipment protection in the event of an

accidental explosion, has been identified.

At the present time, procedures are available for the design of

protective structures for close-in and far-range effects, in the tri-service

design manual "Structures to Resist the Effects of Accidental Explosions"

(Reference 1). However, this manual is devoted primarily to the design re-

quirements for reinforced concrete structures; the utilization of which at

distances away from an explosion (far-range) may result in an uneconomical

design.

To remedy this situation the Manufacturing Technology Directorate

of Picatinny Arsenal as a part of its Supporting Studies Program for the

U. S Arment Comnand (ARMCON), is in the process of developing design

criteria for other materials such as structural steel, brick, clay tile,

block, and precast concrete. This paper is devoted primarily to the applica.

tion of structural steel for protective construction. A discussion of the

effectiveness of current construction techniques and application of new

techniques is presented. Also included is a cursory description of design

procedures along with economical considerations related to the use of

structural steal.
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PRESENT DAY CONSTRUCTION EFFECTIVENESS

Most existing buildings at explosive loading and/or manufacturing

facilities, which are located relative to potential explosions at Unbarricaded

intraline distances or greater, are either wooden structures from the 1942

era or pre-engineered buildings built within the last 10 to 15 years (Figure

1). Both building types provide less than a marginal degree of protection

for the personnel and equipment at unbarricaded intraline distance; with

damage to both types of structures approaching collapse.

At inhabited building distances, which correspond to blast incident

overpressure of approximately 1.2 psi, the wood building frames and sidings

will resist the blast pressures without significant damage. However, the

doors and windows, which are numerous in the wood buildings (Figure 2), will

fail producing debris hazards for the building occupants. On the other hand,

failure of the doors and windows permits pressure flow into the structure.

This internal pressurein combination with the increased resistance provided

by the relatively more massive timber members, helps to relieve the blast loads

on the building exteriors avid, therefore, minimizes the damage to 'he structure

as a whole.

It may be well to consider the current practice under which standard

pre-engineered buildings are supplied by the various manufacturers. The

practice results in efficient and economical structures but does not readily

lend itself to meeting the increased requirements of blast protective build-

ings. In general, a procedure for obtaining such a pre-engineered building is

as follows. The des4gner shows the size and layout of the building and specifies

the wind, snow, and earthquake loadings based on the location where the build-

is to be constructed. The manufacturer then uses this information as input to

a design analysis which calculates the size of his standardized building
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member components, i. e.,wall panels, roofing, purlins, frames, etc. These

standard size components are either pre-cut or fabricated through an automated

or semi-automated manufacturing system. Under this procedure, only the foun-

datlon and architectural designs are required by the architect/engineer to

furnish a pre-engineered building.

However, the conventional loadings and the standard component sizes

do not cover the range of loads and component sizes required for blast pro-

tection. Also the blast load parameters cannot be given as input for the

manufacturer's analysis without extensive modification of his current programs

and fabricating procedure. Based upon the maximum wind, live and earthquake

loads used for the various parts of the country, an estimate of the blast

incident overpressure at which the building can be reusable is in the order

of 0.2 psi., while an upper limit for the capacity of non-reusable structures

is approximately 0.5 to 0.7 psi. The upper limit capacity is a function of

the number of doors and windows which will fail and thereby relieve the ex-

ternal blast on the structure. It should be noted that the upper limit of pre-

engineered buildings is less tlan 1.2 psi. or less than the overpressure assoc-

iated with inhabited building distances.

To illustrate the vulnerability of the use of pre-engineered build-

ings for blast resistant construction, consider a recent explosive incident

where a pre-engineered structure was subjected to a long duration (80 to 100

milliseconds) blast load having an incident overpressure equal to approximate-

ly 2.5 psi. The building was approximately 100 feet long by 50 feet wide and

with a roof height varying from 16 feet at the edge of the building to 24 feet

at the center. These heights were measured above a concrete floor slab which

in turn was positioned 4 feet over the ground. Framework consisted of 4 in-

terior, 50 foot long rigid frames spaced at 20 feet on center. The transverse

end wall framework utilized colums and beams with diagonal bracing. The
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siding and roofing was constructed of corrugated aluminum panels connected

to the girts and purlins by 1/4-inch screws. A transverse 8-inch concrete block

wall was located at the second and fifth frame from the front (side facing the

blast) of the building. Equipment and personnel access doors were located with-

in the side wall of the building.

Figure 3 is a plan layout of the building.

The damage to the building was severe (Figure 4); and was of a mag-

nitude which would produce injury to personnel. The south wall (wall facing

the blast), west and north walls and roof failed producing large holes in these

surfaces of the structure. The east wall sustained damage but did not fail

because of the failure of the doors in this surface which afforded relief for

the exterior blast loads. The block wall near the front of the structure re-

mained intact. The pressures penetrated the west wall at the rear of the

block wall and relieved the pressures which had penetrated the front wall

of the building. On the other hand, relief was not afforded for the rear of

the second block wall and the pressures which entered the west side of the

building failed this wall. Flying blocks, in addition to the blast pressure,

penetrated and defonmed the rear wall of the building. Although little damage

was sustained by the frames, some of the purlins and girts yielded and buckled.

The siding and roof that remained were highly deformed with deflections approach-

ing those that would be formed if the siding acted as a catenary. The minimum

damage to the frame was due to the roof failure which considerably reduced the

blast loads acting on the framing.

Another pre-engineered building which was closer to the explosion

than the above structure, sustained more severe damage than the first structure.

The front of this structure was subjected to an overpressure of 3.5 psi. which

corresponds to that produced at unbarricaded intraline distance. Here, about

fifty percent of the siding and roofing were either dislodged or near dislodge-
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mint (Figure 5). It may be noted in Figure 6 that another open ended corrugated

steel structure which also *as located at the 3.5 psi. overpressure level was

virtually undamaged. In this case, both the front (side facing the detonation)

and rear of the structure were open. The blast wave passing through the in-

terior of the structure equalized the external blast loads.

DESIGN MANUAL

The manual for the design of steel structures to resist the effects of

H.E. explosions is contained in two Picatinny Arsenal reports (References 2

and 3) whicN will be published in the near future. The first report, titled

*Use of Structural Steel in the Design of Structures to Resist the Effects of

H.E. Explosions", deals primarily with the analysis of steel elements which can

be analyzed as a single-degree-of-freedom system whil# the methods given in

the second report are used for the performance of multi-degree-of-freedom

system analyses. The latter report which is applicable to both structural

steel and reinforced concrete is titled "Analysis of Fram Structures Subjected

to Blast Overpressures".

Included in the first report are the procedures for structural steel

design which are similar to the information given for reinforced concrete in

TM 5-1300 (Reference 1). Procedures are given for the determination of ulti-

mate strengths of wide flange and standard I - sections, channel eleents,

structural steel plates and corrugated metal sections (Figure 8). Also con-

tained in this report are static and dynamic properties of steel columns and

beams; as well as recomended types of steels and details to be used for blast

load design and structural response. In the latter case, permissable de-

flections of elements are specified for buildings which are either reusable or

non-reusable.

In addition to the above, the first report contains a series of charts

to sivolify the design of beam elemts including purlins, spandrels and girts.
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Here, required member sizes are specified for various span lengths, spacings

and peak blast loads and durations. The charts include solutions for simply

supported, fixed, and multi-span elements. The charts have been developed for

both reusable and non-reusable structural response conditions.

Figure 9 illustrates a typical design chart. The data presented

in the first report is so arranged that it supplements (does not repeat) the

data given in References 1 and 4.

The second report describes the solution for performing nonlinear

lynamic analysis of one or two dimensional rigid frames. The method of analysis,

which has been programmed for solution on a CDC 6600 computer, utilizes a

lumed parameter method to represent the masses and stiffnesses of a frame.

Solution of the equations of motion is accomplished by a direct integration

using the linear acceleration procedure. Nonlinear behavior of the frame is

accomplished by using a bilinear stress-strain diagram and by the tormation of

plastic hinges at the points of maximum moments having values equal to the

plastic moments for the cross-section of the meber at these points. The com-

bined effects of axial loads and bending is considered to define points of

hinge formation or material yielding.

The computer program is capable of analyzing multi-bay and/or multi.

story frames and has the following features:

1. The application of dynamic loads in the horizontal and vertical
directions; either in combination or separately.

2. The use of either pinned or fixed end conditions for both the
beam and the colums.

The interaction between axial loads and displacements.

The computer program Input data includes the modulus of elasticity

of the material of construction, structural geometry (member length, slope,

etc.), type of support connection and capacity at yield (axial load and mment)

of individual elemats and applied lods (time-history relationships). The

output data for individual elements includes:
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1. Time history of joint and member displacements, accelerations,

and velocities.

2. Time history of end shears and moments, and middle span moments.

3. Maximum and minimum displacements.

4. Maximum tensile and compressive axial loads, and associated bend-
ing moments and shears.

5. Maximum positive and negative bending moments and associated
axial loads and shears.

Call out of the individual output data is optionil depending upon

the needs of the designer. The above output can be used in combination with the

data given in Reference 2 for the design of individual elements of a frame.

APPLICATION OF STEEL DESIGN

As may be expected, structural steel elements designed to resist blast

overpressure, will be stronger and heavier than steel elements designed to sus-

tain conventional loads. However, in the event of an explosion within the

steel building, the structure will fail with resulting fragments. Therefore,

the mass of structural steel elements should be kept to a minimum. Because

steel structures must exhibit strength rather than mass, this type of construct-

ion is referred to as "Strengthened Frangible Construction" i. e. construction

done by materials used for conventional loads which have been strengthened to

resist blast loads. Use of strengtheded frangible construction is usually

practical up to blast overpressure level of approximately 10 psi. At higher

pressure levels, the use of reinforced concrete begins to be economical. To

illustrate the use of strenqthened franaftl material cosider the following

three case studies.

Case Study I (Line Office)

Line offices for many munition manufacturing facilities are located

away from the main production line. For the case at hand, the line office is

situated at approximately inhabited building distance from the nearest building
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containing explosive. Therefore, in the event of an explosion, the line office

would be subjected to an incident overpressure of 1.2 psi. with the

responding reflected pressure of 2.5 psi.

For this case study, the line office is 62 feet long and 30 feet wide

(Figure 10) and has an overall height of approximately 12 feet. Basically, the

building is constructed of seven rigid portal frames each of which spans in the

short direction of the building (Figure 11). Each member of the portal is

12 W 31.

Exterior walls of the building are constructed of 8-inch concrete

blocks. Each horizontal course of the block walls is reinforced with extra

heavy Dur-O-Wal; thereby furnishing the necessary strength for the walls to

Span between the columns of the rigid frames. It may be noted that the 10 ft,-

0 inch spacing between the adjacent frames was predetermined by the ultimate

strength of the walls. To prevent the walls from collapsing either as a result

of rebound and/or negative overpressures, the block walls are connected to the

columns supports by anchor straps. Corners of two intersecting block walls are

Provided with reinforcement to insure continuity between the walls at the cor-

ners.

Access into the building is through a series of blast doors con-

structed of light metal frame and cover plate. Blast doors are discusse-J

later in this paper.

Roof of the building (Figure ;2) is constructed of 18 gage corrugated

(top hat section uith backup plate) metal decking which spans between the

spandrels of the adjoining frames. The decking is supported and bolted to

spandrel beams of the rigid frames. The bolts provide the continuity for the

decking to resist both the positive and negative pressures. The top hat

section (with backup plate) metal roof has been selected because of its unique

characteristics where the flat (backup) plate portion of the decking provides

the necessary lateral restraint to prevent the corrugated portion of the deck-
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ing from collapsing intermediate of its supports as a result of the impinge-

ment of the blast loads. It may be noted that in this case, the tie-down bolts

are located in the valleys of the corrugation to premit placement of insulation

and standard roofing ;ver t e metal decking.

Case Study II (Process Building)

The amount of structural steel required for buildings designed for

blast overpressures will exceed that required for conventional loads. An eval-

uation of this increased amount of steel is illustrated by this case study.

Plan dimensions of the building are 59 feet long ty 46 feet wide.

The two shorter end walls are constructed of reinforced concrete. A third

reinforced concrete wall positioned parallel to but intermediate of the end

walls divides the building into two separate areas. The remainder of the ex-

terior surfaces (two walls and the roof) are constructed of structural steel.

Initially, the steel portion of the building was designed for wad

and earthquake loads. The resulting members consisted of light tubular col-

urs and beams which supported a light metal roof decking and wall paneling

(Figure 13). The original steel design did not consider the effects of blast

loads.

Because the building which will contain personnel is considered val-

nerable to a potential explosion in an adjoining building whose operation has

been automated, the structural steel portion of the building has been redesign-

ed to resist a blast overpressure in the order of 4.4 psi. (both roof and

walls). Although the resulting increased cost of the steel was in the order of

325 percent of that of the conventionally desiond steelche overall cost increase

of the structural portion of t.e uuilding wis only approximately 33 percent.

Here, the miaJor structural cost was cue to the concrete (walls and fouidatio

slab) portion of the building.

Figure 13 illuStrates the variation in memers required to -hange from

conventional (frangible) cstruction to strengthened frangible construction.
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Case Stugy III (Frocess Building)

As may be expected, the cost of construction of blast resistant

structures will vary with the magnitude of the blast overpressures. To illus-

trate this variation, consider the following building layout as given in Figure

14.

This Process Building is 87 feet long, 68 feet wide and has a height

of 15 feet. The construction consists of structural steel rigid frame supported

on a reinforced concrete mat foundation slab. The roof and walls are covered

with structural steel decking. Entrances into and exits from the building are

through a series of blast doors.

Figure 15 illustrates the variation in cost as a function of the in-

cident blast overpressure for both the structural steel or "hardened" portion

of the building and the overall cost. This latter cost, 4n addition to the

structural steel cost, includes the architectural, HVAC, piping, electrical and

the reinforced concrete floor slab and foundation costs.

The percent increase in the cost of the structural st"I portion of

the building decreases with an increase in the overprassure level as shown below.

OVERPRESSURE (Psi.) PERCEtNT INCREASE (%)

0 to 0.5 80

0.5 to 1.0 22

1.0 to 1.5 13

1.5 to 2.0 11

2.0 to 2.5 10

The largest percentage cost increase of the structural steel is re-

alized in te lower- pressure range, i.e. between 0 &Wod 0.5 psi. Her*, the major

cost difference is attributed to the change from conventional construction to

t.e blast MStant'construction. Above the 0.5 psi. level, the cost increase
153
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with pressure 1; el decreases rapidly, with the percent increase levelinq off

to 10 percent at the 2.5 psi. overpressure level. At unbarricaded intraline

distances (pressure level of approximately 3.5 psi.), the cost increase is

estimated to be about 10 percent above that for the 2.5 psi. level.

Although the above cost variation is typical, the overall cost of

structural steel at pressure levels corresponding to unbarricaded intraline

distance is three times as high as compared to the cost for conventional con-

struction. However, the overall cost of the blast resistant structure is

approximately 33 percent above that of a similar conventional building.

1
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BLAST DOOR

Type of blast doors may be classified based upon the blast pressure

levels and fragment environment involved. For relatively high pressure levels

and/or where high speed fragmentation will result due to a blast, steel blast

doors should be constructed from heavy steel plates. At lower pressure

levels (5o psi and less) built-up steel door construction may be used.

The use of steel plate construction is usually applicable where

protection is required from the "close-in" effects of relatively small ex-

plosive quantities i. e. in order of several hundred pounds of explosives.

Use of structural steel for larger quantities usually will not be cost-effect4ve.

One such arrangement for steel plate doors is illustrated in Figure

16. Here, the direct load produced by the blast will be transmitted f. 3m the

door to its support by bearing whereas reversal action of the door and effects

of negative pressures are transmitted to the door supports by a series of re-

versal bolts. Bolts are provided on both vertical sides of the door in order

to eliminate the need for transmitting reversal action through the door hinges.

For wider doors the reversal bolts are used at the top and bottom of the door

to insure two way action of the plate. The reversal mechanism of steel plate

doers should be strong to resist 100 percent of reversal effects.

As previously mentioned, where fragments are not involved and low

bTast pressures exist, the more conventional built-up door construction may be

used. Nevertheless, at low pressureswhere fragments may occur, plate doors

are needed.

A typical layout of a built-up steel door is illustrated in Figure

16, where the frame of the door consists of a series of channel sections

with other channel sections serving as intermediate supports for the *skn

plate of the door. All sections and the plate are welded tgether. For
1155



personnel doors (3 1-0" x 11-0"), minimum size channels (3 inches in depth) may

be used. The thickness of the skin plate will be 1/4 inch or less.

Reversal mechanisms for built-up doors are similar to those used

for plate doors except that hinges usually can be designed to serve as the

reversal mechanism for one side of the doors.
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EXPLOSIVE-RESISTANT DESIGN

FOR THE

DEMILITARIZATION FACILITY, NAVAL AMMNITION DEPOT

HAWTHORNE, NEVADA

by

Dirk van Erp, Project Architect, Keller ' Gannon
Consultants, Engineers and Planners

and
Frits Fenger, Project Engineer,

Tudor Engineering Company
San Francisco, California

ABSTRACT

This paper reports on an explosive-resistant design project for the Demil-

itarization Facility of the Hawthorne Naval Ammunition Depot. The design

criteria state that, in the event of an incident in one of the anminnition-

handling buildings, there shall be no possibility of sympathetic detonation

of energetic materials, personnel shall be protected from overpressure and

fragmentation, and materials, equipnient, and structures shall be protected

from disabling damage. The functional arrangement of the facilities was also a

consideration. The paper discusses the considerations that impacted the

design, as well as the specific design problems encountered and their solu-

tions. Some comments are made concerning NAVFAC P-397, since this is the

first time a complete facility has been designed in accordance with this

document.
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A Demilitarization Facility is presently being constructed for the Navy

at the Naval Ammunition Depot, Hawthorne, Nevada. This facility will offer an

alternative to previously used but now environmentally unacceptable methods for

disposing of obsolete munitions, such as deep-water ocean dumping and open burn-

ing. The facility, when complete, will provide the capability for demilitarizing

nearly all of the Navy's present inventory of conventional munitions., including

gun ammunition for 0.30 caliber bullets through 16-inch projectiles, bombs, mines

and depth charges up to 3,000-pound TNT equivalent charge weight, cluster wea-

pons, rocket warheads, grenades, and some pyrotechnics. This facility, whicht

is designed to disassemble large quantities and many varieties of munitions,

is the first of it4 kind. It represents a new concept in the life cycle of

ai munition handling -- it is a kind of ammunition factory in reverse, without

production quotas but with the goal ot safe disposal of obsolete ammwunition.

The end products of the amunition down-loading, parenthetically, will provide

materials which will have significant reuse or resale value.

The environmental considerations which lead to the need for this facility

dictate that ammunition disassembly be accomplished in such a fashion that the

environment is not jeopardized by air- or water-borne contaminants resulting

from the disassembly process. The elimination of these contaminants has been

the subject of intensive study and is being reported on elsewhere in this

seminar. 21

In this paper we are reporting on the structural ramifications of the ex-

plosive-resistant design. Amrnunition-peculiar design criteria for the project

include the following, in order of importance:

-7 mTreatment of Explosve-Contaminated Waste Water by Physical-Chemical
Means in a 10 GPM Pilot Plant," by James S. Teter, Project Engineer,
Tudor - Keller & Gannon.



1. There shall be no possibility of sympatnetic detonation from one con-

centration of energetic material to another, in the event of an incident.

2. Plant personnel shall be protected from overpressure and fragments in

the event of an incident.

3. Materials, equipment, and structures shall be protected from disabling

damage in the event of an incident.

4. The functional arrangement of the facilities shall be tailored to the

demilitarization of ammunitlon.

The means used to satisfy these criteria are separation of hazards (as

established by NAVORD OP- 5),Y shielding between hazards (as established by

NAVFAC P-397)0 and controlled process flow, as established by thUe Naval

Amunition Production Engineering Command.

As shown on Figure 1, the facility is located in an ancient lake bed, whose

remnants are the present Walker Lake. The average site elevation is 4,020 feet

(1,225 meters); the surrounding terrain is undevrloped, sparsely covered desert.

All structures accommodating energetic material will be located in a zone at

least 2,000 feet (600 meters) from existing unrelated Depot structures and

1,700 feet (500 meters) from Walker Lake.

As shown on Figure 2, the demilitarization facility is a multistructure

complex of process buildings, each devoted to a single down-loading procedure.

Material will be delivered to the facility at the Off-Loadlno Dock by truck

and rail. This dock consists of two earth-covered steel arches, separated to

prevent sympathetic detonation from one arch to the other. A driverless tractor

system will be utilized to move the materials t the Preparation Building.

2/ Annunition and Explosives Ashore, Safety Regulations ftor Handling,
Storing, Production, Renovation and Shipping.

3/ Structures to Resist the Effects of Accidental Explosions.
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In this building uncrating and initial disassembly will be accomplished.

It is here that most of the amiunition will be defused in cells by remote-

controlled machines. Smokeless powder will be collected at the cells and

transferred mechanically to the Accumulator Building for packaging

and reuse.

After leaving the Preparation Building,materials can be processed at the

Mechanical and Accumulator Building and its ancillary Large Cell Building (where

mechanical breakdown of devices will take place), and/or at the Steamout Building,

where steam and hot-water melting of the energetic material will take place. At

this building, the energetic material will be dried and flaked for either re-

processing, direct resale, or destruction.

It is anticipated that energetic material will be refined at the Refining

Building for reuse or sale. Energetic material that cannot be recovered will

be burned at furnaces fed in slurry form from the Bulk Incinerator Preparation

Building.

All metals which have been in contact with the energetic material, and all

small arms ammunition, will be flashed or popped in furnaces located c.t the

Decontamination and Small Items Furnace Building. The resulting scrap metal

will be sorted and sold for recycling.

Each process building has been assigned a total maximum TNT equivalent ex-

plosive loading; each area within each process building has likewise been as-

signed a maximum TNT equivdlunt explosive loading. Based on these loadings,

interline distances between buildings were established using the criteria given

in NAVORD OP-5. The maximum TNT equivalent loading and the minimum distances,

both barricaded and unbarricaded, permitted for the process buildings included

in the facility are as listed on Table A.
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QUANTITY/DISTANCE CRITERIA

FOR

DEMILITARIZATION FACILITY
NAD HAWTHORNE, NEVADA

MAXIMUM MINIMUM MINIMUM
AMOUNT OF ALLOWABLE ALLOWABLE
EXPLOSIVE BARRICADED UNBARRICADED

STRUCTURE MATERIAL (LBS)* DISTANCES (FT) DISTANCES (FT)

OFF-LOADING DOCK 50,000 330 N.A.

PREPARATION BUILDING 6,000 160 320

ACCUMULATOR BUILDING 150 N.A. N.A.

MECHANICAL ACCUMULATOR
AND LARGE CELLS 3,000 130 260

STEAMOUT BUILDING 18,000 N.A. 472

BULK INCINERATOR
PREPARATION BUILDING 3,000 130 260

REFINING BUILDING 50,000 N.A. 660

DECONTAMINATION AND
SMALL ITEMS FURNACE
bUILDING 3,000 N.A. 260

MAGAZINE GROUP A 9,000 160 320

MAGAZINE GROUP B 5,000 130 260

*1 lb. 0.453 kg.; I ft. -0.305 meter.

8TABLE A



The distances delineated in Table A were used to develop the distances

between structures as shown on Figure 3. The use of these distances will

assure the prevention of sympathetic detonation, should an incident occur.

Although each building has unique functional requirements, the basic

structural design solution responding to the problem presented by an antici-

pated event is typical for each of the process buildings in the complex. The

design considerations must be met either for an event occurring in a remote

structure or for an event occurring within the structure.

The design of the Preparation Building presented most of the design problems

confronted in this project. This building is located more than the required

unbarricaded distance from the Large Cell Building and the Steamout Building

and at the barricaded interline distance from the Off-Loading Dock.

The Preparation Building will be constructed of reinforced concrete except

for the frangible walls and roofs of the cells used for defusing weapons.

Figure 4, the floor plan of the Preparation Building, shows the six cells, each

of which may contain up to a 300-lb. (135-kg) charge, the work corridor, the

off loading and the distribution areas. Figure 5, the building sections show

that each cell has a frangible wall and roof to provide an exit for blast forces

reducing pressure buildup on the remaining cell walls. The other three walls

of each cell are hrdened for prevention of sympathetic detonation between

cell- and for personnel protection in Work Corridor. The floor is slab-on-grade.

A Utilities Deck allows an accessible space for the location of the various

building systems piping and conduit.
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The walls between cells are designed to contain an incident involving a

charge in a cell with a deformation not exceeding 12* rotation, thereby prevent-

ing sympathetic detonation. (A standard reinforced concrete wall would collapse

after a rotation of about 20.) In order to utilize the full ductility of the

* flexural reinforcing, the reinforcing bars must be tied with continuous diagonal

lacing bars as shown on Figure 6. At any particular section of an element, the

longitudinal or main tension and compression reinforcement Is placed to the in-

terior of the transverse or secondary flexural reinforcing steel around which

the diagonal lacing bars are bent. Reinforced in this manner, a concrete wall

can rotate up to 12' without losing its integrity. The procedure for analysis

is to assume a wall, find the resistance-deflection function, apply the calculated

time pressure load function, find the actual defelction, and compare it with the

permissible ultimate deflection. In this way a structural element can be designed

for flexural strength. It must then be reinforced for shear. The shear rein-

forcement Is a function of the resistance of the element and not applied load.

The cell walls located next to areas in which personnel may be present at

the time of an Incident were designed to contain an Incident involving a charge

In a cell with a deformiation not exceeding 5" rotation. A fragmentation shield

will be attached to these walls to pro-Ict personnel from spalling concrete

fragments. This shield Is designed for a ductility ratio of ten or less.

All other walls and roof slabs were designed against an Incident in one

of the cells with their support rotation limited to 2*. Beams and coluvls were

designed for the same incidents, but the ductility ratio was kept below unity.

Exterior doors which serve as emergency exits were designed to remain In

the elastic range so as to be usable after an incident. All other hardened

doors and ports were designed for a maximum support rotation of 15'.
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The blast-resistant design was further complicated by the requirement

that each elernt must be adequate to absorb the kinetic energy of primary

fragnts without perforation. This requirement often sets a minimum dimen-

sion for structural member thickness; in turn, when applied to the blast-resistant

design, this leads to smaller deflections and greater forces than those arrived

at by purely dynamic design. One effect of this consideration is that the

supports must be strengthened. In some cases this strengthening leads to the

design of doors of special soft steel. If stronger, standard steel doors were

to be used,a design incident would cause the walls to collapse.

All structural elements were investigated to determine the overpressure

effects of an incident in ak of the other process buildings. This analysis

led to a straightforward design of structures for triangular dynamic loads,

with the ductility ratio kept below unity.

Since this is the first time a complete facility has been designed in

accordance with NAVFAC P-397, it is a ' opriate to ake a few comments on this

document. It is a complete and comprehensive manual which is excellently

written. The few suggestions wAdch follow are made merely in the hope that

an already good manual can be further improved.

On the advice of The Naval Civil Engineering Laboratory, Port Ruenew.

we used Fig. 4-63, "Exterior Leakage Pressure vs. Ground Scaled Distance." for

larage cells, Fg. 4-12. "Shock-Wave rarameters for Hemispherical TNT Surfare

Explosion at Sea Level," for the smaller cells, and the same figure but with

half charges for magazines for the oveepressure at one building resulting from

an incident in another building. It is hoped that P-397 will bc updated to



incorporate information obtained from the Eskimo Series Tests and other tests

to eliminate this inconsistency. The method of determination of the overpressure

on a roof behind a cell wall requires further tests and clarification.

The method utilized in P-397 depends on graphs for constants. It appears

that some of these constants do rot apply to walls with several openings or with

large openings. Because cell function requires access between cells and between

cells and work areas, further data is required to determine the limits of the

applicability of these constants.

The Demilitarization Facility will be operational in 1978. From that

time forward, it is hoped that the structural design concepts discussed in this

paer will not be locally tested in practice.
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TREATMENT OF EXPLOSIVE - CONTAMINATED
WASTEWATER BY PHYSICAL - CHEMICAL MEANS

IN A 10 GPM PILOT PLANT

By
James S. Teter

Project Engineer

Tudor - Keller & Cannon
Consulting Engineers

San Francisco, California

INTRODUCTION

In late 1973, the joint venture of Tudor - Kell(,r & Gannon was awarded
a contract for design of the structures and site work for the Demilitarization
Facility to be located at the Naval Ammunition Depot, Hawthorne, Nevada.
This project consists of a complex of industrial buildings which will be util-
ized to demilitarize, in lieu of deep water ocean disposal, an estimated 800
various types of ordnance items containing various types of explosive mater-
ials. Maximum effort will be made in the demilitarization procedure to
reclaim explosive materials as well as metallic components.

One of the major components of the Demilitarization Facility is the
Steaniout Building in which high temperature water and steam will be utilized
to reihove explosive materials from their casings. Since most explosive
materials are water oluble, this procedure will result in a large volume of
process wastewater contaminated by the explosive materials with which it has
been in contact. Explosive-contaminated wastewater will also result from
floor washing and other similar cleanup procedures in the Steamout and other
buildi.igs of the Facility. Although detailed design of the washout-steamout
equipaient had not been completed, it was estimated that this process could
produce a continuous flow of wastewater of 120 to 150 gallons per minute
(gpm) , and that floor washdown and other miscellaneous sources could re-
sult in an additional '0 gpm. Little definitive information was available re-
garding the wastewater characteristics since no similar steaniout-washout
facili.y for Naval ordnance is presently in operation. However, it was known
that the solubility of TNT, a c,-rnponent of most explosive compot-nds, in
180F water is 1, 125 milligraris per liter (Mg/L), and therefore concentra-
tions of TNT of at least that value could be anticipated. It was also known
t6,t other explosive materials such as ammonium picrate are highly water
iolubAe. Since the Environmental Protection Agency present guideline is
L'-.t water containing in excess of I Mg/L of explosive contaminate not be
uiscii rged to either surface water sources or ground water basins, it was
obvious the Demilitarization Facility process wastewater must receive Aveat-
menr prior to discharge.

Preceding page blank 1195



As Hawthorne is located in one of the most arid regios of the United
States, the simplest solution to the waste disposal pi oblem first appeared to
be construction of process wastewater evaporatior. ponds, thereby prevent-
ing all waste discharge (This was the method selected for treatment of the
sanitary sewage). However, this solution was rejected by Depot personnel
who pointed out that when these ponds wer'e in a dry condition the normally
strong winds prevailing in the area would blow the explosive material around
the countryside, thus substituting air pollution for water pollution. At this

juncture another related problem appeared, the Depot water supply which
utilizes all available surface runoff as well as groundwater from wells was
found to have insufficient capacity to serve the industrial needs of the Demil-
itarization facility on a continuous basis. It became readily apparent, there-
fore, that the process wastewater must be treated sufficiently to enable reuse
in the steamout-washout process. Navy ordnance personnel set this require-
ment at 1 Mg/L TNT or other explosive contaminate since the reclained
process water must be heated to 190OF prior to usage.

Two general types of treatment were given serious consideration for
reclaiming the process wastewater (1) biological treatment, and (2) physical-
chemical treatment. Most if not all explosives to be handled in the Demil-
itarization Facility have considerable organic content, and research has shown
some success in treating TNT biologically. All biological treatment, however,
depends on a nutrient supply, normally contained in the wastewater itself,
sufficie6ut to keep the bacteria alive. The Demilitarization Facility, for
safety considerations, had been sited many miles from the central Depot area,
and thus the only available natural nutrient supply would be contained in the
sanitary sewage from the personnel actually working at the Facility, estimated
at 100 persons at full capacity. It was anticipated that the nutrients contained
in the small volume of sewage discharged by this small number of persons
would not be sufficient for the large volume of high-strength process waste-
water from the steamout-washout facility, and therefore use of biological
treatment was rejected. There was also concern regarding the ability of the
bacteria cultivated to adapt to a rapid change in explosive materials being
demilitarized, and no xnowledge whether materials other than TNT could be
successfully treated biologically.

Following selection of the physical-chemical type of treatment, the
full scale 200 gpm prototype plant (expandable to 400 gpm) design was coin-
pleted utilizing the following treatment processes in their sequential order:
dissolved air flotation, clarification, cooling, filtration, and carbon adsorp-
tion. A storage tank was provided for treated effluent. Sludge basins were
designed to provide gravity separation of sludge from the flotator - clarifier
unit and filters; the supernatant would later be decanted to evaporation ponds,
sludge burned in the Demilitarization Facility bulk incinerator. No facilitlas
for carbon regeneration were provided pending development of applicable
technology; initially spent carbon will be burned in the bulk incinerator.
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Space was provided for future addition of reverse osmosis equipment for
total dissolved solids removal from the treated effluent should this become

necessary. Prior to its installation, process water becoming high in TDS
will be discharged to evaporation ponds, and replaced with new make-up

water.

During the design of the full scale treatment plant, as with any pro-

totype design, a number of questions arose which were at the time unanswer-

able due to lack of similar treatment facilities. Probably the most important

of these was whether the treatment plant proposed would meet the effluent

standard of 1 Mg/L explosive material. Obviously the only way these ques-
tions could be answered was to construct and operate a pilot plant which

would simulate the operation of the full scale plant. This pilot plant was

funded by Naval Facilities Engineering Commaiid (NAVFAC) in April 1974.

Since the design of the full size plant had been completed with construction

bids to be received in June 1974, it was essential that results be obtained

from the pilot plant at the earliest possible date.

PILOT PLANT DESCRIPTION

All treatment units in the full scale plant had been designed using stan-

dard items of equipment available from manufacturers in the water and sewage

treatment industry. Therefore it was relatively simple even on short notice

to obtain similar small size units on a rental basis, thereby avoiding fabrica-

tion time and probable delays due to steel shortages. It was decided that the

plant would be sized for a 10 gpm flow rate, and considered essential that the

pilot plant be located in Hawthorne in order to use the same water supply as
would constitute the majority of the wastewater. Also, safety considerations

regarding transporting and handling of explosive materials precluded siting

the pilot plant at a location more convenient for operating personnel. The

principle units of the pilot plant are described below in their sequential order:

1. Mix Tank. An existing fabricated aluminum tank at the pilot
plant site was used for preparing and storing the explosive

wastewater. This tank had a capacity of 2400 gallons. A

plywood cover was installed on the tank to prevent exposure

to sunlight which would turn the wastewater red in color, a

phenomenon commonly known as "pink water".

2. Flotator-Clarifier. This unit was a completely self-contained

unit including a 5 foot diameter by 6 foot high flotator tank

complete with sludge scrapers and float skimmer, pressuri-

zation tank, air compressor, two pressurlmation pumps, two
chemical mix and feed tanks, and two chemical feed PXumps.
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This unit differed from the full-scale flotator-clarifier in
that i did not have the clarification zone for sedimentation
exterior to the central flotation zone. A cover was also
provided for this unit.

3. Cooling Tower. The mechanical-draft type cooiing tower
was approximately 3 feet square by 5 feet high, and con-
sisted of an upper spray nozzle system, wet deck, draft
fan, and bottom sump.

4.-Sand-Coal Filters. These vertical, pressure, downflow
type filters were each 2 foot 6 inches in diameter by 6 feet
high. The filter media in one unit was 22 inches of anthra-
cite coal over 8 inches of sand; the other unit 15 inches of
coal over 15 inches of sand. The units were operated al-
ternately with only one filter in operation at any time.

5. Carbon Adsorption Columns. Two upflow type carbon
columns were operated in series. Each column was 28

inches in diameter, and contained a five foot deep bed of
granular activated carbon.

In addition to the above main flow stream treatment units, a se:andary
one gallon per minute flow stream was operated downstream of the cooling
tower consisting of the following units:

1. Diatomaceous Earth Filter. The filter itself had a plexiglass
case which allowed inspection of the interior, and a stainless
steel interior septum with a filter area of I sq. ft. The filter
was pre-coated and backwashed with accompanying equipment.

2. Polmeric Adsorbent Resin Columns, These 6 inch diameter,
plexiglass, downflow type columns were loaded to a depth of
2 foot and 3 feet respectively with Rohm & Hass XAD-4 poly-
meric resin. The columns were preconditioned and regen-
erated with methanol.

PILOT PLANT OPERATION

The plant operated for one shift daily for a total operating period of
6 weeks from May 23 - July 3, 1974. This daily start-up and shut-down
was intended to simulate the operation schedule of the full scale plant; in
addition, sufficient operating personnel were not available to furnish the
continuous attention the pilot plant required for monitoring and control. to
enable a 24 hour per day operation schedule.
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Field mobilization and preliminary operation required 4 weeks; demobil-
ization 3 weeks. Thus from the date of notice to proceed on 26 April 1974,
the entire pilot plant field operation was completed in 4 months.

Explosive contaminated wastewater of the type anticipated from the
stcamout-washout process was prepared in the influent mix tank. Hot
water (1 60 0 F) was provided, and the pH was lowered below 7 with sulfuric
acid. Explosive materials were added through a hatch in the top of the

tank, with mixing provided by recirculated flow from the flotator-clarifier
influent pump. TNT, Comp. A-3, and Picratol were added in dry flake
form; HBX-I and Comp. B were melted in a steam-heated pot and added
in molten form. Explosives tested and length of test period was as follows:

Explosive Material Days Tested

TNT 12
Comp. A-3 3
Comp. B 3
HBX- 1 3
Mixture of Gomp. A-3,

Comp. B, & HBX-1 3
Pic catol 3

An extensive sampling and testing program wvas carried out to monitor

the pilot plant performance. Samples were collected of the effluent from
each individual treatment unit on a regular basis, typically hourly. Samples
were analyzed in the field mobile trailor laboratory for temperature, pH,

turbidity, color, and TNT concentration. Composite samples from the daily
plant operation were sent to San Francisco for additional analysis, a portion
of which were verified by a Navy approved ordnance tosting laboratory. Field
testing for TNT was performed colormetrically using sulfite-hydroxide solu-
tion; laboratory testing for TNT. RDX, and ammonium picrate utilized vapor
phase chromatography.

PLANT RESULTS

Both the 10 gpm and I gpm flow streams proved effetive at removing
explosive contam.-.,ates from the process wastewater. Flow Stream No. 1
which contained the carbon adsorption columns accomplished removals of
TNT greater than 99. 5 percent; the effluent concentration of this flow tream
never exceeded 0. 5 Mg/L TNT. Similarly, the ammonium picrate concen-
tration from this flow stream never exceeded 1 Mg/L (lowest level measur-
able by testing procedure), and the RDX concentration did not exceed 0. 02
Mg/L. Flow Stream No. Z which contained the polymeric adsorbent resin
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columns was less effective with maximum effluent concentrations as follows:
TNT 148 Mg/L, ammonium picrate 368 Mg/L, and RDX 66 Mg/L. A brief
summary of the pilot plant performance showing mean effluent values follows:

MEAN EFFLUENT CONCENTRATION IN MG/L

Flow Stream No. 2
Wastewater Parameter Flow Stream No. 1 (Polymeric Resin
Contaminate Measured (CarbonAdsorption) Adsorption)

TNT TNT 40.5 62.8
Gomp.A-3* TNT 40.5 4.4
Comp. B TNT 40.5 2.3
HBX-l TNT < 0. 5 2.6
Mixture ** TNT <0.5 3.0
Picratol TNT <0 o. 5 30.5
Picratol Ammonium Picrate < 1 132.0
Comtp.A-3 RDX < 0.02 0.62
Comp. B RDX -C0.01 25. 5
HBX- 1 RDX <0.02 66. 8
Mixture ** RDX <0.01 59. 0

* Plant treatment units and piping contained residual TNT
** Mixture contained Comp. A-3, Comp. B and HBX-1

From the above it is evident that the carbon adsorption columns produced
a much higher quality effluent for all wastewater contaminates tested than the
polymeric resin adsorption columns. However, only one type of polymeric
resin (Rohm & Hass XAD-4) was tested due to extended delivery times of other
resins. A testing program conducted by U.S. Army Labs, Natick, Massachu-
setts on more dilute wastewater using this same polymeric resin produced
somewhat better results.

The flotator -clarifier proved to be an effective treatment unit for removal
of suspended solids, grease (wax), and TNT during periods when a floc could
be formed in this unit. Due to the long delivery time for bulk quantities of most
types of organic coagulants, it was necessary to order the polymer to be utili-
zed prior to start-up of the plant. Preliminary jai: tests indicated a cationic
polymer (Hercufloc 815. 3) to prod, , a good floc, and therefore this material
was used throughout the pilot plant -erating period. Under actual operating
conditions, however, this polyrn, /as found to produce only a poor to fair
floc with TNT wastewater, and v ually no floc with Comp. A-3, HBX-*1
Cotp. B, and picratol.

Due to this poor floc formation, a series of secondary jar tests were

performed using various types of polymers. For the mixture (Comp.A-3.
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Comp. B and HBX-l) a nonionic polymer, American Cyanamid 905K. was
found to form an effective floc while all anionic and cationic types tested
were ineffective. For picratol wastewater only high concentrations of an
anionic polymer, Magnifloc 837A, formed a good floc. Testing of TNT
wastewater indicated both nonionic and anionic polymers to be generally
more effective than the cationic type used throughout the pilot plant study.
The performance of almost all of the polymers tested was greatly en-
hanced by the addition of alum (aluminum sulfate). Alum was not utilized
as a coagulant in the full scale plant since it would make the sludge more
difficult to incinerate, and might have a deleterious effect on the explosive
materials themselves making their reuse more difficult.

The flotator-clarifier in the full size plant can be expected to perform
more effectively than that in the pilot plant due to (1) better floc formation
resulting from availability of various types of polymers (2) increased sus-
pended solids removal achieved in the sedimentation zone of this unit which
was not present in the pilot plant and (3) increased cooling due to greater

detention time.

Both the sand-coal filters and diatomaceous earth filters proved effective
in removing suspended solids from the wastewater, with almost no differ-
ence regarding their removal efficiency. However, the sand-coal filters
providecd longer filter runs before backwashing was required, especially
for the wastewater mixture (Comp. A-3, Comp. B, and HBX-1) and picratol.
Difficulties were encountered in backwashing the diatomaceous earth filters

as thC material stuck to the septum requiring removal by scraping. No
operating difficulties were encountered with the sand-coal filters.

The cooling tower which reduced wastewater temperatures about
50 to 60°F provided effective removal of TNT due to the lower solubility
(1. 125 Mg/L at 180°F versus 130 Mg/L at 68 0 F) of this material in lower
temperature water. However, severe operating problems were encounter-
ed with this particular type of cooling tower since the TNT dropped out of

solution tended to plug the spray nozzles and incrust on the interior walls.
Constant maintenance was required. Similar serious incrustation occurred

on the interior walls of the plant PVC piping.

The effectiveness of the carbon r dsorption and polymeric resin
columns is visually illustrated in the preceding table of plant effluent con-
centrations. In summary the effluent from the carbon columns consistently
met or exceeded the plant requirements while that from the polymeric resin
tested did not, In addition, frequent regeneration of the resin columns with
methanol was required when breakthrough was observed. The carbon col-
umns operated throughout the entire test period without breakthrough or need
of regeneration; observation d ring demobillsatioa indicated thAt a remov&l
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had been accomplished in the first half of the column.

CONCLUSIONS AND RECOMMENDATIONS

1. Explosive material-contaminated wastewater (at least those
having constituents contained in TNT, Comp. A-3, HBX-1,
Comp. B and Picratol) may be successfully treated by physical-
chemical means to an effluent concentration less than 1 Mg/L.

2. Flow Stream No. 1 of the pilot plant, a 10 gpm model of the
full scale plant now under construction, demonstrated that the
full-scale prototype plant will produce an effluent suitable for
recycling back to the steamout-washout facility.

3. Coagulation using organic polymers can be accomplished, but
is greatly enhanced by addition of alum.

4. Assuming good coagulation, significant removal of suspended
solids can be effected in a flotation-clarification unit, thus
lowering the loading rate and extending the useful life of the
carbon adsorption columns.

5. Cooling of wastewater saturated with TNT will accomplish
significant TNT removal since the solubility of this material
is highly temperature dependent. However, the type of cooling
device must be carefully selected to permit cleaning since the
TNT tends to incrust on the walls of the unit.

6. Piping carrying explosive-contaminated wastewater must be
designed to permit flushing with hot water and chemical solu-
tions as the contaminates incrust heavily on the interior pipe
walls.

7. Either diatomaceous earth or sand-coal filters can effectively
remove suspended solids from the wastewater if preceded by
proper coagulation. However, shorter duration filter runs
were experienced with the diatomaceous earth filter with
certain explosive materials, and this filter could not be back-
washed automatically without hand cleaning due to material
sticking on the filter septum.

8. During the operation of the pilot plant, the effluent from the
carbon adsorption columns was consistently at or below the
recommended value of I Mg/L explosive contaminate while
that from the polymeric adsorption columns was normally
above this value, although other studies have shown polymeric
resins to produce an effluent below the IMg/L value.
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SECRETARY OF LABOR v. GEARHART-OWEN INDUSTRIES, INC.

D. E. Ray, Esq.
U.S. Army Armament Command

Rock Island, IL

Thank you Larry, and good afternoon (ladies and) gentlemen. I am

employed at the Army Armament Command Legal Office, located in Rock

Island, Illinois. As you may know, the mission of the Armament Command

involves procurement of most types of conventional ammunition for all

the Armed Services and for many foreign allies. Naturally, this includes

the procurement of explosive and propellant materials. Our procurement

responsibilities are accomplished through some twenty odd Government-owied
contractor-operated plants commonly known as GOCO's, and by direct
procurement from private industry using their own facilities. Most of
our procurements from private industry involve ammunition metal parts;
but some of these also include explosives, either as an end product or
as a part of the item being purchased. Many of our procurement activities

since 1971 have been either directly or indirectly affected by the
enactment of Public Law 91-596, the Williams-Steiger Occupational Safety &
Health Act. There has since that time been a great deal of discussion
and debate within Army circles as well as involving other agencies and

private firms, as to just how the provisions of OSHA should be carried
out so as to be most harmonious with the job we have to do. In at least
one area of activity, that is, in procurements involving explosives, it

has long been debated as to whether OSHA actually applies at all. Generally
speaking, within the Federal Government it has been the Army maintaining
the napplicability of OSHA in such cases. As you can imagine, the
expenditure of large sums of money is at stake. It is not news for me
to tell you that compliance with OSIIA involves spending a great deal of

money, especially when we speak in terms of a procurement program of
nearly three billion dollars per year.

My purpose here today is not to rehasfthe Act itself; most of you may
know more about its technical intricacies than I do. Instead, I would
like to suggest to you the potential impact on Army programs of a
relatively recent case, namely, that of the Secretary of Labor v. Gearhart-
Owen Industries, Inc. (OSIIRC No. 4263), decided on 15 March 1974. I have
just mentioned the high cost of compliance itth the Act, though this is
not to say that the objective of this Act, or any other safety program,
is not worth far more titan the cost in dollars of achieving it. But
perhaps the generak magnitude of cost itself might interest you as a
taxpayer, even if you are not directly involved itt whatever it is that
eventually evolves out of the Gearhact-Owen decision.

Firstly, for the benefit of those here who may not have heard of the
case, or who are perhaps a bit forgetful of the details, let me briefly
refer to the decision and some of the events leadinq up to its becomiog
a matter of controversy. In fact, the decision itself is short. Let me
read it to you to give you a bit of insight into the legal arguments made
on behalf of the respondent, Gearhart-Owen, with which the Judge of the
Department of Labor's Occupational Safety and Health Review Commission
was in agreement.
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Being captioned an Order of Dismissal, the decision reads substantially
as follows:

"Order of Dismissal

"On August 15, 1973, complainant issued three citations to respondent,
a manufacturer of munitions, alleging violations of Section 5(a)(1) of
the Occupational Safety and Health Act of 1970 (29 USC 651 et seq.,
hereinafter called the Act). Penalties totalling $20,700 were proposed.
In due course respondent made known its intent to contest the citations,
and a complaint and answer were filed.

"Following a prehearing conference the parties entered into a limited
stipulation of facts, and respondent filed a motion to discuss charges
under the Act on the basis of Section 4(b)(1) of the Act, which provides
as follows:

'Nothing in this Act shall apply to working conditions of
employees with respect to which other Federal agencies .

exercise statutory authority to prescribe or enforce standards
or regulations affecting occupational safety or health.'

"Specifically, respondent maintains that its workplace is operated in
accordance with safety regulations promulgated by the Department of Defense
pursuant to statutory authority, thereby bringing Section 4(b)(1) into play.
Review of the stipulation and the documents attached to it substantiates
respondept'3 position. !t vas awarded a contract to manufacture certain
hand grenade fuzes for the United States Army in accordance with an
invitation to bid which incorporated by reference portions of the Armed
Services Procurement Regulation (ASPR) dealing with 'Safety Precautions
for Ammunition and Explosives'. he ASPR Is considered to be a regulation
of -the Secretary of Defense promulgated pursuant to applicable statute.

"The safety precautions for ariunltion and explosives clause of the ASPR
requires compliance with Department of Defense Manual 4145,26H, a safety
anu ual for DOD contractors. This is a detailed and lengthy book of
instructione in safety matters, pertinent portions of which were, as
appears in the stipulation, follow.ed by respondent in performing the work
which gave rise to the allegations contained itl the citations referred to
above.

"On these facts 'the undersigned taust find that jurisdiction under the
Act does not lie with respect to the work being performed in respondent's
workplace utnder the contract referred to in the preceding paragraphs.
It is therefore ordered that the citations dated August 1$, L973, be
dismissed and that the proposed penalties be vacated.

WILLIAM J. RISTEAU
Dated: Mar 15 1974 Judge"
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Section 4(b)(1) of the Act cited by the attorney for respondent and

quoted in the decision has, of course, been the basis for the Army's

argument that OSHA does not apply to its procurement of explosives.
Not only is the Armed Services Procurement Regulation promulgated

pursuant to a statute which is encoded in Chapter 137 of Title 10 of the

US Code, the DOD Safety Manual prescribed for use by the ASPR clause

entitled, "Safety Precautions for Ammunition and Explosives," is promulgated
by the same Department of Defense Explosive Safety Board which is sponsoring
this seminar. That Board is itself established by another Federal statute,
10 US Code Section 172.

The latest information available to me is that the decision of the Judge
of the Occupational Safety and Review Commission in the Gearhart-Owen
Case has been ordered for rpview by the full commission in accordance with
established rules, and is still pending decision by the full commission.
The law provides that any person adversely affected or aggrieved by the
order of the commission may obtain a review in the US Court of Appeals

for the circuit in which the alleged violation occurred, with several
alternative appellate courts available as dell, by filing within 60 days
of the entering of the order. Since there does not appear Lo be any
limit on the time in which the commission must make its decision and
enter the order, and considering the backlog of work in the various courts
of appeal to which any request for review might be directed, you can see
that it could be a very long time before we see the final result of
Gearhart-Owen. Perhaps one side effect of the decision which in my view
would be desirable, will be that the various Federal agencies may come to a
mutual agreement long before the case itself might otherwise be finally
determined, as to where OSKA shall apply and where it shall not, in those
areas where the law itself does not take care of the issue.

It is interesting to note that the Assistant Secretary of Labor, in a
memorandum to the Department of Defense dated 2 July 1973, and thus much
prior to Gearhart-Owen. took the position that insofar as Army material
facilities are concerned, OSiHA standards were not applicable. tie observed
that the Department of Defense Explosive Safety Board functions under the
ty:re of express statutory authority contemplated by S~ctiton 4(b)(l) of the
Act. The provisions of 10 USC 172 set forth the unique grant of express
authority to the Explosive Safety Board to prevent hazardous conditioni
from arising to endanger life avid property inside or outside of military
storage reservations. tie stated that the exercise of this express authority
through the promulgation of standards relating to explosives creates a
situation to which the provision of Seection 4(b)(l) must be applied.
Therefore, he continued, we conclude that in order to avoid unnecessary
duplication of effort, the De.partment of Defense regulations relating to
explosives should be applied in Army Materiel facilities rather titan the

OS11A standards.



We very much agree that this duplication of effort of which the Under
Secretary speaks should be eliminated. Safety in operation is and has
been of primary importance to our procurement activities, but to do the
same thing twice, as would be required if both OSHA and DOD standards were
made to apply in a given instance,3imply does not make sense unless the
end result would be that our operations become doubly safe. That is not
the case.

For reasons not known to me, the Under Secretary of Labor's memo I just
mentioned has not entirely been adopted and put into practice by the
Department of Defense, or at least not in the Agency for which I work.
For example, plans have been made and are being carried out to one degree
or another to conduct OSHA compliance reviews at our GOCO plants. No doubt
one reason we have gone ahead with OSHA compliance reviews, notwithstanding
the memo, is that while OSHA has not promulgated explosive safety standards
to the degree the DOD has, it has promulgated industrial safety standards
for the work place that could be applied to significant portions of our
GOCO plants. A problem arises, however, because the DOD has also established
industrial safety standards, and has enforced its own standards for many
years, thereby compiling an excellent safety record. Must we now make
costly changes to comply with OSHA in places that -Are already safe by
our own high standards? This the Under Secretary of Labor did not clearly
resolve, but hopefully it will be decided one way or the other by the
Gearhart-Owen case when it is ultimately decided, if the agencies involved
do not mutually agree to the now unsettled matters beforehand.

I have dealt fairly exclusively with GOCO operations in this talk, because
that is where I believe the chief potential impact of the Gearhart-Owen
decision lies. However, it should be borne in mind that that case involved
a privately owned plant. Thus if it is upheld in its ultimate review,
OSiA would not be applicable to any of our contracts which properly include
the ASPR Ammunition Safety Clause discussed before. This would mean that
our contractors would not have to spend additional moneys to comply with
OSIA in order to perform our contracts, and thus would not be passing
that cost along to the Government as part of the contract end item price.
Additionally, the Government would not be required to spend additional
money to bring its own equipment, which is often furnished to private
contractors at their plants to be used in performing Govertument contracts,
to bring that equipment into compliance with OSItHA standards. I make no
particular assessment of the value of this from an overall safety standpoint,
but I do suggest to you that specific and stringent safety standards have
long been an important requirement of Army contracts, for munitions as
well as other items, and thus the absence of OSIIA would not create a
void in those cases.

You probably have noted that 10 US 172 i.nd the ASPR clause mentioned
before relate specifically to explosive safety, and it is obvious that
most munitions plants, even the ones which produce only the explosive
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itself, involve plenty of operations which have nothing directly to do
with the explosive, but which could create safety hazards. This is
especially the case with some of our GOCO plants which load the explosive
into the round, assemble it, and pack it for shipment and storage. In fact,
we have one GOCO plant which produces TNT on one side of the installation
and has a LAP operation on the other, both operated by one contractor
under a single contract containing the Ammunition Safety Clause. Plenty
of room for both OSHA and the DOD Explosive Safety Standards at that plant,
you might say.

But let us look again at the Gearhart-Owen decision. The Judge specifically
found that "jurisdiction under the Act does not lie with respect to work
being performed in respondent's workplace under the contract referred to
in the preceding paragraphs." He was talking about a contract for the
manufacture of grenade fuzes, a process that requires considerable effort
other than handling the explosive itself. Yet he did not limit his ruling
to that part of performance which required explosive handling, he applied
it to the contract as a whole. Thus if the case is upheld, OSHA would not
apply to any of our contracts containing the critical clause, regardless
of multiplicity of operations not directly related to explosives. Once
again, this would not create a void. We have the statute (10 USC 172),
the ASPR Safety Clause, the DOD contractor's safety manual which is
incorporated by reference in all our contracts, and the necessary
expertise to inspect to insure compliance therewith.

Without going into great detail, I again refer to the duplicative efforts
which would be required in many of our operations if both OSHA and DOD
standards are made to apply. Different formats of the same reports would
be required to be .ade through separate channels to different agencies.
Duplicate investigations of the same incident made by different investigating
bodies would result, likely with divergent conclusions in many cases.
In addition, there would be the inevitable cases of direct conflict between
the two standards which would cause unnecessary and troublesome problems
to be resolved.

I am awate that as a general rule, the labor force and especially labor
unions favor OSHA, perhaps over DOD standardn at least In the area of
industrial safety outside of explosive handling. If Gearhart-Owen is
upheld, the reasonable objections of the vork force to present safety
practices must be met and corrected. On-. area which is specifically
covered by OSiA, is the reporting of unsafe conditions without fear of
retaliation. OSHLA provides assurances that there will be none, and if
Gerhart-Owen prevails as decided, we must remove any obstacles, real or
imagined, to the reporting of hazardous conditions at all our plant as
well as in private facilities wAere Government contra.ts are being performed.

in the event Gearhart-Owen is reversed on appeal, then somhow we twst
work out the problems discussed before which will exist under those cosdicions.
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In my view our explosive procurement operations will be exempted from
OSHA under Section 4(b)(1) of the Act, notwithstanding the possibility
of such reversal. However, the remaining gray areas will take years to
resolve, and a great deal of effort will be wasted in the administration
of our safety programs, unless reasonable compromises can be worked out
expeditiously.

This concludes my presentation. I thank you for your attention.
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A NEW METHODOLOGY FOR WOUNDING AND SAFETY CRITERIA

William Kokinakis
U.S. Army Ballistic Research Laboratories

Aberdeen Proving Ground, Maryland

For the next half hour I will be discussing a new approach to wound

assessment and the methodology developed to address this area. In the

past years we have attempted to conduct a wound ballistics program which

was a balanced effort between research in physiological damage mechanisms

and penetration mechanics. Early last year it was decided to shift nearly

our entire effort to one of simulation, and in particular to mechanical

simulation. My presentation will center on the simulation aspects of the

modeling of the wounding or vulnerability process, as well as the d velop-

ment of safety criteria.

Before continuing let me say a few words in the way of background

information for a sample calculation which I will use to illustrate the

modeling. The calculations are being conducted by BRL to provide a

criteria for the selection of an optimum handgun/ammunition combination

for use by law enforcement agencies, and this portion of our program is

being funded by the Department of Justice.

To quantify the effects of a wound we must first have a consistent

description of the target we intend to evaluate. This is represented by

a cadaver which has been sliced into horizontal cross sections, 2 cm

thick, and coded for storage on a computer, as shown on Viewgraph 1.

This computer representation of the human body is called the BRL Computer

Man. On Viewgraph 2 we see a sample cross section thru the shoulder and

the rectangular grid used to locate tissue types.

In the past, trajectories (horizontal only and uniformly random),

were traced by a computer program through the Computer Man body to deter-

mine the type and location of tissue cells intersected. In an attempt to

upgrade and make our analysis more general, we are replacing the tissue

coding as used in the past with a numerical designation to signify the

relative importance of a given cell to the overall survivability of the

man, based on some specific injury criteria. The previous cross section

is shown on Viewgraph 3 with the appropriate numerical codes for each cell.

The vulnerability numbers shown were determined by the doctors at the

University of Maryland Shock Trauma Unit. For the particular set of num-

bers shown, the doctors were asked to rate each of the cells on a relative
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scale from 0 to 10. Their criterion was to estimate the importance of a

given cell relative to lethality if it was suddenly removed and there was

no following medical treatment. The same type of cell ranking will be

accomplished for any injury or incapacitation criterion we need to develop,

including the establishment of safety criteria. I will have more to say

on this matter later in my presentation.

To date we have asked our medical team to evaluate six different

criteria, three lethal and three incapacitation oriented, as defined on

Viewgraph 4. Each of these six criteria have been evaluated by three

different medical assessors. The three incapacitation type criteria also

require the establishment of a definitive scenario to which the medical

assessor can estimate a performance decrement. An example of how these

criteria are defined is shown on Viewgraph 5 for the case of immediate

incapacitation. T1- eria is presented to the doctor in such a way as

to explain its purpose or objective, describe a general scenario which

defines the tactical situation, and request the doctor to identify those

portions of the body which will produce a given probability level of

achieving the defined objective. It should be pointed out that we are

assessing wounds in humans, rather than interpolate from wounds in animals

to their effect in humans, as was the procedure in the past. With a com-

plete set of these numbers we now have our new target description, the

revised Computer Man.

The next step in the process of determining the vulnerability of

personnel to injury, is to determine a vulnerability index as a function

of projectile or missile penetration. With the revised Computer Man, we

have a throe-dimensional mapping of the areas of the body in torms of

their valnerability. For any given weapon though, these areas (or the

individual computer cells), do not have equi I likelihood of being on-

countered. For example, if a hand grenade is the attacking weapon, it

will be primarily a ground burst munition, which, because of increased

hit probability, would dictate that computer cells in the lower extrem-

ities be weighted higher than those in the upper body. This then brings

us to the second input into the vulnerability index as a function of

penetration, the hit distribution.
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What is desired of the hit distribution is a technique for character-

izing the spatial distribution of possible trajectories of projectiles for

a given weapon. Again going back to the example of handgun effectiveness,

the weapon can be characterized by the range of the target and the aiming

error or standard deviation of shot about the aim point. Using the stan-

dard deviation about an aim point, we can then use monto carlo techniques

to conceptually fire trajectories at the Computer Man. The purpose here

is to generate the average vulnerability of the body. To make this a

little more clear, an example calculation is shown on Viewgraph 6. Again,

using our example based on small arms, characterized by the range and aim-

ing error, a set of random trajectories are traced through the Computer

Man. Keep in mind that while the slide is two-dimensional, the actual

computer tracings are done in three-dimensional space. To determine the

average vulnerability of the body (i.e., vulnerability ir.ex, Vi, as a

function of penetration, X), we compute the averaga cell value at each

increment of penetration for all trajectories. For example, for the

vulnerability index at five centimeters shown in the calculations, the

trajectories which miss the man are also counted. We now have generated

the situation where the vulnerability of personnel is no longer indepen-

dent of hit probability. Based on this methodology, the "more accurate"

weapons are given greater importance than before. When this incremental

calculation is performed at each increment of penetration depth, the

resultant vulnerability index versus depth of penetration curve on View-

graph 7 is generated. This plot is based upon SOO trajectories and shows,

again for the handgun criteria, the average importance of the body in tcrms

of vulnerability as a function of depth of penetration along the average

trajectory. It is important to note at this time the following:

1. This function is dependent on thn weapon and if a different

weapon is used the -unction may change.

2. No mention has been made of the projectiles given off by the

weapon. We have only cotisiderod to this point the directions in which

the projectiles travel. This is intentional because it allows weapon and

projectile design to be optimized or evaluated separately as to their ef-

fects on personnel vulnerability.
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At this point we will begin to consider how projectiles effect

vulnerability. Given the Vi versus X curve, then the logical questions

to ask are what does it mean and how should it be used? With regards to

its interpretation, the Vi versus X distribution implies that, if damage

to the body is caused by projectile penetration, then ideally, the

mechanical damage to the body as a function of depth should match the

vulnerability index as a function of penetration depth. This suggests

applying the Vi versus X distribution as a weighting function to deter-

mine the importance of causing damage at a given depth. It should be

noted here that we are attempting to generate a measure of expected dam-

age, and here the emphasis is on measure. We are not trying to predict

the physiological response of an individual to wounds.

In our model we assume that the body material is homogeneous and can

be approximated by 20% gelatin. This is not new. Twenty percent gelatin

has been used as a tissue simulant for over a decade. But we are doing

several things in developing our new Wound Ballistics Methodology which

are new:

1. We are examining in detail the material properties of gelatin.

2. We are looking at the comparison between gelatin and animal

tissues in terms of their response to projectile impact.

3. We are investigating the effects of projectile geometry or

shape, orientation on impact and during penetration, construction and how

it effects break-up and deformation, and lastly, the effect of changing

striking velocity.

In order to apply the vulnerability index as a weighting function we

needed a measure of the mechanical damage produced in the gelatin as the

projectile slows down. The measure chosen was the maximum temporary

cavity (MIC) formed in the gelatin, that is, the maximwfui radius of expan-

sion of the gelatin in each point along the trajectory of the projectile.

At present this MTIC can be determined in one of two ways: experimentally,

by observing the cavity growth by high-speed photography or flash x-ray,

or computationally, based on a model as to how these cavities are actual l)

formed. Although at this time our model has limited predictive
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capabilities, Jt does provide a mathematical description of temporary

cavity envelopes for any projectile whose drag history is known. For

example, the model was used to generate a cavity envelope for a sphere,

a soft bullet and a pistol bullet, as shown on Viewgraph 8.

The cavity envelopes for the three projectiles are plotted as damage

radii versus penetration. The M193 bullet is the Cal 0.23 used with the

M16 rifle and the M1911 is the Cal .45 bullet used with the M1911Al pistol.

For the purpose of this example, all projectiles were assumed to strike

the target at S00 meters/second. This velocity is atpproximately twice the

muzzle velocity of the Cal .45 pistol, so the reader is cautioned not to

draw inference on comparative effectiveness among the, projectiles used in

this presentation. Also shown on this viewgraph is the vulnerability index

shown on the previous slide.

We now have the two pieces necessary to provide a figure of merit for

the weapon/projectile combination, that is:

1. Vulnerability versus depth.

2. Damage versus depth.

The convolution of these two curves yields a single number for a

figure of merit defined as the lethal volume. On Viewgraph 9 is shown the

product curve and the integrated lethal volume values for each projectile.

Note the low value of lethal volume for the M193 bullet. It ranks low on

a relative basis because its energy is not dissipated efficiently within

the target medium. The peak on the curve for this projectile represents

the start of tumbling which occurs after 15 cai of penetration or well

after it perforates the most important vital organs. The Cal .45 pistol

bullet is an efficient penetrator, even though the velocity used in this

example is about twice muzzle velocity. This Is attributable to the pro-

jectiles large mass and cross sectional or presented area, and the fact

that velocity does not decay appreciably as the projectile penetrates the

target medium. Finally, as mentioned, lethal volume is the measure we

intend to use to compare and rank competitive projectiles and weapon

systems. This measure, along with a graphic representation of how the

missile behaves in the Larget and the offect of this behavior, will make
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available new tools to weapons designers, ballisticiais and weapons

systems analysts.

Now let me attempt to show how the methodology just presented is

being used to generate safety criterion for low density fragments. At

the 13th Annual Explosives Safety Seminar in September 1971, I presented

a simple first approximation model which related the ballistic limit of

clothing and skin to the area to mass ratio of steel fragments. Those

relationships, shown on Viewgraph 10, established criteria which have

been used by the services to establish safety limits for friendly troops

during field exercises and tactical training where fragmenting live muni-

tions are employed. More recently the Army has requested quantification

of the hazard to friendly troops from low density plastic fragments that

merge from breakup of the sabot used to launch a variety of small and

large caliber projectiles. Another area of interest concerns that of the

breakup of plexiglass windows in helicopters and the ensuing hazard to

crew personnel.

The dots on the Viewgraph 10 represent steel fragment data penetra-

ting skin, and the stars represent the ballistic limit of some representa-

tive end on plastic sabot fragments penetrating one centimeter of 20%

gelatin (only end on hits were evaluated because they represent the most

severe threat to personnel). As one centimeter thick slabs of twenty per-

cent gelatin were found to ballistically simulate isolated human skin, it

can be observed that the ballistic limits of the end on plastic fragment

hits generally agree with those for steel fragments. Thus, we now also

have a conservative criteria for troop safety for plastic sabot fragments.

In considering incapacitation or injury criteria, however, it is

evident that the penetration characteristics of low density fragments in

the human body differ considerably from those of dense chunky projectiles.

Thus maximum temporary cavity data for low density fragments penetrating

the gelatin simulant should be determined either experimentally, by ob-

serving the cavity growth, or computationally, based on a model as to how

these cavities formed. However, because of other urgent and high priority

requirements we have not as yet been able to pursue these efforts, except

1214



for some limited experimental work which related striking velocity and

maximum penetration depths for the plastic fragments represented on this

viewgraph.

As previously pointed out, our methodology requires a measure of

the vulnerability of the human body as low density fragments perforate,

in addition to the measure of the mechanical damage. Fortunately, the

Lovelace Foundation for Medical Education and Research recently com-

pleted work on plexiglas fragments, under contract for BRL, which become

the basis for our developing an interim vulnerability index for low den-

sity fragments. Lovelace fired four weights of plexiglass fragments,

obtained from blast impingement on helicopter windshields, point first

into various anatomical locations of anesthetized shorn sheep. The pene-

tration of the skin and t.e body wall were related to fragment mass and

velocity by probit analysis. The BRL is having the same plexiglass frag-

ments fired into gelatin in order to correlate Lovelace's animal experi-

mental data with gelatin penetration, again by probit analysis. This

analysis will quantify two relative measures of injury, a non serious

wound and a serious wound. Quantification could be further extended,

through medical assessment, by numerically ranking the consequences of

skin and body wall penetration as a function of location of hit on the

various parts of the anatomy. From this would be generated a vulnera-

bility index for each cross section of the anatomy. As a first approxi-

mation, the cavity envelope could simply be the diameter times the width

of the cut as a function of penetration depth, as little or no cavitation

occurred for velocities associated with Lovelaco experiments. The corre-

lation of these two inputs would produce a figure of merit as discussed

earlier for the fragment-bullet example.

In conclusion, I have presented a new mothodolcgy for addressing

research in wound ballistics. The key to our approach requires maximum

emphasis on engineering principles, the development of models which

quantify relations between projectiles and their dynamic behavior in a

tissue simulant, gelatin, and the development of computer codes, which

simulate mechanics of penetration. Now incapacitation/injury criteria
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were developed and integrated into an updated 3-D Computer Man target

description. Vulnerability data obtained by simulation with the Computer

Man were coupled with modeled projectile cavity contours to obtain a

single number as a figure of merit for ranking weapon systems, the lethal

volume.
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Figure 1.
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ELECTRONIC INITIATION OF ENERGETIC SOLID3

Thaddeus Gora
David S. Downs

Harry D. Fair, Jr.

Solid State Branch
Explosives Division
Picatinny Arsenal
Dover, N.J. 07801

INTRODUCTION

Explosives are members of a class of materials which can exist
at normal temperature as pseudostable solids. They undergo decomposi-
tion into more stable compounds by rapid self-sustaining decomposition,
deflagration, or detonation. They are pseudostable because initiation
of the reaction requires that some activation energy be supplied by an
external stimulus as illustrated in a reaction coordinate diagram
(Fig. 1). R is a generalized reaction coordinate describing the chem-
ical state of a system and can represent, for example, the 'istance
between atoms in a molecule or solid. The effective potential energy
(V f) of an explosive or energetic solid in a pseudostable state is
located at a local minimum corresponding to R1 in Fig. 1. If the
system receives the activation energy E , chemical reaction takes the
system to the state represented by R2 wtth the release of chemical or
explosive energy Er.

Any given explosive has a number of reaction coordinates and re-
action paths of the type shown in Fig. 1. The quantity of energy re-
quired to initiate the explosive reaction, E, is different for each
explosive and is in general different for ea~ch reaction path for a
given explosive. This leads to differences in observed activation
energies depending on the explosive material, the stimulus, and the
effective localization of energy input. Materials with small activa-
tion energies may be easily initiated and are classified as sensitive
or primary explosives. For some materials, the activation energy may
be appreciable (secondary explosives), requiring the use of strong
shock waves from sources such as primary explosivas to supply the
necessary energy for initiation.
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It is almost universally (1) assumed that the stimulus supplying
the activation energy is first converted into heat, no matter whether
it was initially mechanical, electronic, or thermal in origin. The
horizontal lines in Fig. 1 represent excited vibrational states of
the molecule or solid. Thermal initiation corresponds to raising the
local temperature, increasing the excursions of the atomic vibrations,
or populating higher excited vibrational states until the activation
energy is supplied.

It has been postulated that initiation of reaction and of detona-
tion could arise from purely photochemical processes or by direct ex-
citation of the electrons within the explosive molecules or solid (2).
Demonstration of this speculation has been lacking due to the absence
of a strong theoretical basis and the ambiguity of much of the experi-
mental evidence.

A general theory relating electronic structure to chemical in-
stability was developed by Williams (3) and is given in Appendix A.
Briefly, the quantum-mechanical Hamiltonian governing the motion of
the nuclei (atoms and/or molecules) in a solid contains an effective
potential in terms of internuclear distance R.

Vff (R) = V( + E(R);

where V(R) is the interaction potential between nuclei, and E e(R)
contains the dependence of electronic energies on internuclear
separation. As the latter term can vary strongly from one electronic
state to another, the internuclear forces governing chemical reactions
and therefore decomposition processes can be strongly affected by
populating excited electronic states, as shown in Fig. 2.

Excited electronic states in a solid my differ substantially
from the excited states of its constituent atoms or molecules, and in
some cases are spatially delocalized over hundreds of atomic or mole-
cular volumes. These states can be excited by optical irradiation of
appropriate energy, or by charge injection from appropriate contacts.
They may be involved in long-term energy storage. And, perhaps most
importantly, the excited electronic states may be mobile in the solid;
if they involve charge carriers, external electric fields can influence
energy transport, and perhaps lead to avalanching effects.
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FUNDAMENTAL ELECTRONIC PROPERTIES

The electronic energy levels of a solid are arranged in a fashion
similar to their arrangement in the free atoms or molecules which com-
prise the solid with several critically important differences. In the
solid all of the electronic particles interact, perturbing the atomic
or molecular electronic states so that they appear as energy bands
rather than discrete levels of energy (4). The bands of energy are
separated by energy regions for which no electron energy states are
allowed; such forbidden regions are called energy gaps or band gaps.
The highest energy band filled with electrons is called the valence
band and the next higher band (which is not completely filled) is called
the conduction band. Electrons excited to the latter band may move
under the influence of an electric field, giving rise to electronic

conduction.

The widths of the energy bands, the band gap separation between
them, and other features of the bands are referred to as the electronic
band structure or the electronic energy level structure. Relatively
small differences in the electronic energy level structure can lead to
quite marked differences in the behavior or properties of solids. For
example, the distinction between insulators, semiconductors, and metals
can be made solely on the basis of energy band gap widths and on the
distribution of electrons within the band structure. A detailed know-
ledge of the band structure and of the transport properties of electrons
in such semiconductors as germanium and silicon has led to the develop-
ment of new semiconducting materials and devices. The critical question
is whether a similar understanding of the electronic structure of ex-
plosive solids can be exploited for discovering equally new and im-
portant applications.

Information about the electronic structure is obtained by measur-
Lug the spectral response of optical absorption and photoconductivity.
U hese results can often be correlated to provide a basis for understanding
the electronic processes involved. Typical results for lead azide are
rhown in Fig. 3.

The energy states involved in the transitions giving rise to ab-
sorption wnd photocurrents are the lowest and most conveniently access-

ible excited states and correspond roughly to the band gap of lead
a side.
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What our investigations have shown is that a combination of a low
intensity static electric field and optical excitation in the partic-
ular spectral regions corresponding to strong absorption and photo-
conductivity result in initiation (the photoelectronic initiation or
PEI affect). Neither stimulus alone (at the intensities used) produces
initiation, and the effect cannot be explained by purely thermal pro-
cesses (See Appendix B).

This solid state initiation mechanism has been studied in some
detail on lead azide (5). In the following we discuss how this result
vas obtained and the subsequent experiments being performed in an at-
tempt to understand this phenomenon.

Photo-Electronic Initiation (PEI)

The apparatus for the original initiation experiments is shown
schematically in Fig. 4. Desired wavelengths were selectee by either
appropriate filters or by a grating monochromator from a 200 watt Xenon
lamp. Threshold electric fields to initiate production-grade lead azide
pellets without illumination were 30 kV/cm using silver paint electrodes
separated by 1mm. The current-voltage characteristics were found to be
ohic up to the point of initiation, and the typical resistance was
10 ohms (2 orders of magnitude higher than in crystals). Illumination
of the area between the electrodes with 400 mp light (corresponding
to the fundamental absorption edge) reduces the threshold voltage for
initiaition slightly; however, due to the low photoconductivity, the re-
duction is not spectacular. On a microscopic scale, the pellets are
made up of tiny crystallites, and as a consequence the conductivity and
electric field distribution is expected to be very inhomogeneous.

Fot single crystals, threshold average electric fields for ini-
tiation without illumination were as high as 15 kV/cm. Applying
electric fields of 6-7 kV/cm for long periods of time produced no de-
tectable decompositio of lead azide crystals. The current-voltage
characteristics displayed a non-ohmic region at ficlds just below
initiation, a phenomenon not found in pressed pellets.

The photocurrent maximum in lead azide crystals is 1000 times
greater than the dark current for the relatively low light intensity
used. Thus the population of excited electronic states is considerably
increased, enhancing the conditions for instability. With field
strengths below the thrithold value,2 no initiation was observed with
low light intensity (10 photons/cm /sec) in the red region of the
spectrum. However, as the wavelength of the light was decreased at
constant light intensity, lead azide crystals were observed to deto-
nate with approximately 400 mp irradiation. There is some evidence
for current oscillations Just prior to the initiation; the time between
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the application of light and the initiation of detonation is gener-
ally on the order of a few seconds. The threshold electric field for
photoelectronic initiation for 400 mii irradiation is on the average
1/2 that required with no irradiation. Care was taken to exclude
heating effects from stray infrared irradiation, and in fact the PEI
effect in lead azide was observed at 77*K. In addition, photo-
electronic initiation has been observed in silver azide crystals and
most recently is crystals of thallous azide.

The apparently non-thermal (see Appendix B) nature of the PEI
effect, its dependence on the wavelength of optical irradiation, and
its non-ohmic I-V characteristic below the initiation threshold
electric field all suggest a direct electronic mechanism.

Electric Field Effects

To gain an understanding of the effect of the electric field in
the absence of photo-effects a detailed study of the current-voltage
characteristics and thickness dependence was made. Gold electrodes
were applied to both sides of single crystal lead azide plates by
vacuum evaporation. These gold electrodes were then contacted by gold
wires using dots of silver paint. Sample thickness varied from .019
to .076 cm in this series of experiments. The electrode diameter,
2.36mm, was the same on all samples. By keeping the evaporated elec-
trode dimeter large compared to the sample thickness, the results can
be analyzed on the basis of one-dimensional planar current flow (6).
An advantage of the sandwich-type electrode configuration is that sur-
face currents can then be essentially eliminated. The samples were
potted in RTV, a polymeric electronic potting composition, which aids
in prohibiting current flow by any path other than through the bulk
of the sample. This is shown in Fig. 5.

An inherent procedural difficulty arose because of the possibility

that lead azide crystals subjected to high electric fields may exper-
ience localized decomposition or other damage prior to detonation.
This could act as a memory of previous treatment and might influence
both the conductivity and critical voltage for detonation. One solu-
tion would be to use a fresh cry~tal for each value of applied voltage.
However, this procedure would require an unrealistic number of samples
with accurately controlled thickness. To minimize memory effects, each
sample was subjected to the same voltage history. Our procedure con-
sists of one-minute-on, one-minute-off application of voltage, increas-
ing the voltage in 100V increments. The procedure was continued until
the sample detonated, with current being monitored continuously.
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Seven samples of varying thickness were investigated in this manner.
The voltage at which detonation occurred, (V ET) , is shown in Table I
along with the current just prior to initiat on, I. It should be noted
that the detonation does not generally occur immediately upon applica-
tion of the voltage. The delay time was observed to vary. Typical
current-voltage characteristics are shown in Figs. 6 and 7 and reflect
the non-ohmic nature of the Au/lead azide system.

The voltage applied to a crystal can under some circumstances pro-
duce a constant electric field throughout the sample given by V/L,
where L is the sample thickness. That is, the contacts to the crystal
do not affect the field distribution in any way (the contacts are
ohmic). On the other hand, it is possible that the contacts to the
sample are non-ohmic and restrict the flow of current. This kind of
contact is called a blocking or rectifying contact; and, because it
can present more resistance to current flow than the bulk resistance
of the sample, the field distribution may be altered considerably.
Gold forms a non-ohmic contact with lead azide (7). The effectively
higher resistance of the Au/lead azide interface can result in a sig-
nificant voltage drop across this region, with ccusiderably less
voltage actually applied across the bulk of the tample.

The average field for detonation, calculated for each crxstal from

V divited by the sample thickness L, ranges from 3.02 x 10 -

x 10 V/cm. Thus there is a threshold in this average field range
at which detonation occurs. The scatter in values could be accounted
for by differences in the crystal-electrode interfaces or differences
due to crystal orientation. The threshold field values for the four
thinnest samples (.049 - .025 ca) are all higher than those for the
thicker samples (.043 - .076 cm). This would be expected if effects
resulting from exposure to electric fiedla tend to lower the field
threshold since the thicker samples experienced longer cululative ex-
posure times to electric fields.

MODEL FOR THE PUOTOELECTRONIC INITIATION EBFCT

The photoconductivity and electric field studies have led to a
number of specific and general conclusions on the individual pheuomena
investigated. Our purpose, however, was not only to understand the
separate phenomena but to relate them to understand the nature of the
more complex PEI effect. It is now possible to infer a mechanism for
the PEI effect.
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We first review the evidence pertinent to the mechanism. Neither
the field alone nor the light alone, at the intensities used, can pro-
duce initiation by simple thermal effects. Similarly, the combination
of light and electric field intensities used in the PEI effect are
not sufficient to lead to initiation thermally. Even if all of the
energy released by exothermic photodecomposition reactions is taken
into account, the magnitude of the efficiency for photodecomposition
is far too small to provide sufficient thermal energy to initiate fast
decomposition. The exciting light does lead to the production of nitro-
gen gas and to the formation of lead colloids (8,9). The resulting
decomposition may produce energy states which enhance reaction. In
addition, the exciting light produces large changes in the electrical
conductivity (up to four orders of magnitude) by the production of
photocarriers (5). Initiation clearly occurs in response to an applied
electric field, and an average field value has been determined experi-
mentally.

In order to initiate lead azide by light alone, an intensity six
orders of magnitude greater than that used in our experiments is re-
quired (Appendix B). However, with the low light intensity used in
the PEI effect, the value of the applied voltage is of the order of
half that required to initiate with electric field alone. Therefore
the primary effect of the exciting light combined with the applied
electric field is to change the electric field distribution in the
lead azide. This accounts for the factor of two or more decrease in
average electric field necessary to achieve initiation with light.
Figure 8 depicts a uniform voltage drop, which by Maxwell's equations
predicts a constant electric field and overall zero net charge. This
approximates conditions in the bulk of the crystal in the absence of
light, and is generally correct independent of the nature of the
contact/sample interface. When the light is turned on, charge car-
riers of both signs are produced, either directly or through the
intermediate step of exciton formation. The original applied electric
field separates charge carriers of opposite sign. The resulting
charge distribution alters the electric field distribution. The
nature and degree of the charge separation are related to the car-

riers' conductivity properties, the intrinsic defect structure of the
crystal, and possibly to the photo-produced defects. In addition, the
charge distribution can be strongly affected by the presence of block-
ing contacts which prohibit the flow of chage into and out of the
sample. Charge can accumulate at the interface, producing high fields
across the contact region, and considerably altering the field in the
bulk. For example, the arbitrarily chosen charge distribution shown
in Fig. 9 leads to the indicated voltage and field distributions.
The important point is that upon illumination, the resulting photo-
induced charge distribution leads to an increase in the electric field
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at some point in the sample by a factor of two or more above that
which it had in the nonilluminated case. This increase in internal
electric field is sufficient to produce initiation.

Although there is not yet a clear understanding of why a threshold
electric field at a given region of the sample causes initiation, one
plausible explanation is that the electric field produces an avalanch-
ing multiplication of charge carriers. This results in a region of
dense electronic excitation leading to an ultimate exotherml' process.
This is further supported by the fact that low-intensity light alone
does not produce these regions of dense electronic excitation.

CONCLUSIONS

Our theoretical studies (5) indicated the possibility of initiat-
ing decomposition and detonation by several radically new mechanisms.
The photoelectronic initiation effect in lead azide was the first ex-
perimental observation of the initiation of detouation by purely non-
thermal electronic processes. To understand this phenomenon, tech-
niques were developed to grow, cut and polish large pure single crys-
tals of lead azide. The separate effects of light and electric fields
on lead azide single crystals were studied to determine the detailed
mechanisms of the interactions. These were related to develop an
understanding of the PEI effect in terms of threshold average electric
fields. Illumination creates photo-carriers which change the elec-
tronic charge distribution within the lead azide, raising the elec-
tric field to the threshold for initiation. These ' .asults provide
the understanding to apply the photoelectronic initiation effect to
other technologically important explosives, and provide the rational
basis for pursuing related new aechaniams for initiation.
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APPENDH A

Williema (3) has considered from a general theoretical point of
view the relationship between the electronic energy states or the
electronic structure and chemical instability or initiation.

According to quantum mechanics, all information about a physical
system is contained in its wavefunction *(,R_). The coordinate r
stands for all the electronic coordinates while R represents the co-
ordinates of the nuclei. This wavefunction satisfies the Schr~dinger
equation:

H * (r! E

where H is the Hamiltonian operator containing the kinetic energies
of all the particles (nuclei and electrons) and all the potential
interactions and 8 is the euergy eigenvalue. From the difference in
mass of the electrons n and the nuclei N. and from equipartition of
energy, it is evident that the electrons move much more rapidly than
the nuclei. Thus at each instant, the motion of the electrons or the
electron distribution can be determined as though the nuclear posi-
tions or coordinates were fixed. The electronic otion can then be
determined perametrically as a function of the nuclear coordinates
since the eelctrons exist in separable, approximate stationary states
that are smoothly modified by the motion of the nuclei. This is the
adiabatic approximation of Born and Oppenheimer (10). In accordance
vith the adiabatic approximation, the wavefunction can be put into the
following form:

x(R) describes he state of the nuclei and 0 (r) the state of the
electrons about fixed nuclear coordinates R.- The stationary electronic
states are determined froa the following Schrdinser equation where
the nuclei qre taku to be fixed:

where H iS that part of the total Hamiltonian operator containing
the electronic coordinaite3 only, 9 (R) are the electronic elgenvalues
or electronic energy levels, and R epeciftes the fixed nuclear posi-
tions R k... . R . The equation describing the motion of the
nuclei In approximaely:

2

2M R +V!, el
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where the first term represents the kinetic energies of the nuclei
and V(R) the potential interactions betweev nuclei. The validity of
the approximations used in deriving this equation, particularly for
large excursions in R occurring during chemical reactions, has beer
discussed by Williams (3).

Assuming the approximate validity of the preceding equation, it
is clear that the motion of the nuclei is determined by the effective
potential

Veff(R) = V(R) + El(R).

Thus the important conclusion is that the motion of the nuclei depends
not only on the internuclear interactions but depends, in addition,
explicitly on the electronic state of the system, E (R). A schematic
presentation of this concept appears in the reaction coordinate dia-
gram, Fig. 2. The shape of V f can be quite different for the elec-
tronically excited state E e gn for the electronic ground state EE
with a lower activation energy. For other electronically excited s ates
such as that represented by E" in Fig. 2, a substance when excited toel
this electronic state would be completely unstable since there is no
activation energy required to lead to the lower decomposed state. Thus
even at low temperatures, characterized by small atomic vibrations, it
would be possible in this system to initiate decomposition purely by
excitation to this. excited electronic state.

Thus in general, states of electronic excitation in a chemical
system ;an deteimine the manner in which chemical reaction proceeds.
When the chemical system is an explosive, radically different modes
of initiation of reaction are possible. Specific initiation aechanisms
will depend on the excited electronic states or on the fundamental
electronic properties of particular explosive substances.
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APPENDIX B

Non-Thermal Nature of the Photo-Electronic Initiation Effect

The important question of whether the photoelectronic initiation
effect is a thermal or non-thermal mechanism may be answered by con-
sidering the threshold energy densities required for the initiation
of single crystals of explosive azides by intense light flashes. In
these materials, for strongly -absorbed light pulses of 1-10 micro-

second duration, threshold light energy fluxes of 0.1 cal/cm2 are
sufficient to initiate detonation k1l). For flashes lasting near 1
millisecond, threshold energy fluxes are about ten times greater. It
has been assumed that the enery from thse intense light flashes
rapidly degrades to heat and that flash initiation is caused by a
thermal mechanism. The energy fluxes involved then serve as a useful
lower limit for energy densities necessary to initiate detonation
thermally in single crystals for energy vs distance profiles similar
to the ones in our photo-electronic initiation experiments. To be
specific, we assume throughout this discussion that all radiation being
considered falls n a @pectral region corresponding to an absorption
coefficient of 10 cm-, rather strong absorption. Then, as depicted
in Fig. 10 the bulk of the irradiation is absorbed in a surface layer

lO00OA(1O cj) deep. This gives a threshold absorbed energy density

of cal/cn for flash-induced initiation or a power density of
1 3

10 watts/cm fo a I psec flash duration.

In the photo-electronic initiation experiment, two sources of
external thermal energy input ere present: degradation of absorbed
light energy into heat and joule heating due to photacurrent . The

light intensity used here corresponds to a power flux of 10 watts/2 4 • 3 6
cm (10 watts/cm n the surface layer), a factor 10 smaller than
the light power density used for flash initiation. In the absence of
any heat flow, the present irradiation has to continue for about I
second to reproduc6 the energy densities achieved in the flash ini-
tiation experiments. But in point of fact, it can be shoun that a
heat pulse applied vuiformly at the surface will diffuse over a

-4
surface layer 10,OOOA (10 cm) deep In 1-10 microseconds even for
poor thermal conductors. Thus initiation in these azide materials
is not exnected for such low light intensities applied without an
electric field. This expectation is indeed borne out experimentally:
decomposition can occur at these intensities but not the initiation
o' detonation.
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The second source of thermal energy mentioned was joule heating
due to photoconductivity. Because the photoconductivity is so much
stronger than the dark conductivity, it is clear that almost all the

photocurrent flows in the thin 1000A layer at the surface where the
absorption is strong (Fig. 10). Estimating the power absorption den-
sity in different regions of the surface layer depends on the electric
field distribution and on whether the current flows over the entire
surface area or in a thin filament connecting the electrodes. For
a uniform field distribution, the joule heating power3density for
currents measured just below threshold is 10 watts/cm , 1000 times
less than that due to the light irradiation alone. It is not possible
to exceed the power density input of the light by considering that most
of the voltage drop takes place over a small fraction of the inter-
electrode distance because the res lting fields would be in the di-
electric breakdown range (about 10 V/cm). Although dielectric
breakdown cannot be discounted as an initiation mechanism, it is not
a strictly thermal mechanism. Further, even under the most extreme
assumptions, thermal initiation requtres ail the photocurrent to be
carried by a filament less than 1000A (10" cm) in diameter with local
fields approaching the dielectric breakdown limit. The formation of
filaments of this nature could not be explained by simple thermal
arguments.

Thus we see that the thermal energy densities achieved in our
photo-electronic initiation effect are far too small to explain the
effect by simple thermal arguments. It would appear that detonation
is instead initiated by rzn electronically excited state of the crystal
(which is itself a result of the combination of electric field and
light) as the general theoretical argument predicts.
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TABLE I

ELECTRIC FIELD EFFECTS ON LEAD AZIDE

Current at Voltage at
Thickness Detonation Detonation Threshold Field

Sample L(cm) (amp) VDET VDETIL (Volts/cm)

3-72-30 .019 1.2 x 10 -  800 4.20 x 104

3-72-31 .024 6.9 x 10-  1000 4.17 x 104

3-72-32 .022 7.0 x 10-9  800 3.60 x 104

3-72-33 .043 1.6 x 10-8 1300 3.02 x 104

3-72-34 .025 1.4 x 1078 1000 4.00 x 104

3-72-35 .076 5.5 x 10-9  2700 3.54 x 104

3-72-36 .073. 1.1 x 10-8 2400 3.26 x 104
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GENLRATION AND DISSIPATION OF ELECTROSTATIC CHARGES
ON EXPLOSIVE POWDERS

Bernard D. Pollock
Explosives Division, FRL

Picatinny Arsenal, Dover, NJ 07801

ABSlIRACT

The charging of explosive powders was investigated

by means of a vibrating trough apparatus in which the

predominant mechanisms, contact and induction, could be

simultaneously observed. Graphite-coated propellant is

an example of an inductively charge powder, RDX is an

example of contact charge powder, and lead azide is a

"hybri d

Charge relaxation on representative primary ex-

plosives was investigated Ly charging small amoints of

a powder by a corona discharge and oberving the decay

of charge by weans of a sensitive electrometer. This

provided a method of measuring relative resistivities

of powders, Photoconduction was clearly evident in

lead azide ard tetr.cene, though not in lead styphnate.

Decay rates could be increased appreciably by addition

of 0.1 to 0.2 wt.-% of antistatic agents, but were very

much more markedly influenced by changes in rel.itive

humidity.
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I will describe our work on the electrification of explosive

powders and on the relaxation of charges. Because of the sensitive

nature of these powders, the techniques and procedures used in

. .this work may be of interest.

I will begin with the charging work. There are two mechanisms

by which powders are electrified during handling. The first is by

contact, and the other is by induction. Contact charging can occur

when two different substances, at least one of which is a non-

conductor, come into intimate contact and are then separated.

Charging by induction can occur when two conductors are placed in

an electric field and then separated. In most of the previous work

on powders, the mechanism involved has been contact charging, and

the usual method of investigation has been to allow a mass of

powder to slide down a chute ot tube, usually under the influence

of gravity. The apparatus used in this work consisted of a metal

trough "driven" by a small vibratory motor of the type used to

move powder or small parts, a Faraday cage and an electrometer.

A 1/8" diameter rod was positioned above the trough and was

insulated from it. The rod could be grounded to provide electro-

static shielding, or could be connected to a suurce of voltage to

invescigate the influence of an applied electric field. Figure I

i3 a schematic representation. The Faraddy cage, you may recall,

is no more than a special form of capacitor, which consists of a

K
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pair of concentric containers insulated from one another and in

operation it is charged by putting something that is charged into

the inner container. The voltage that is thus induced is measured

by means of an electrostatic voltmeter or in our case, by a

sensitive electrometer. This permitted using quite small amounts

of powder. Many of these experiments were performed with 5 or 10 mg,

though the amounts ranged from 0.3 to 35 mg in some series of

experiments. The advantage of the vibratory motor was that it gave

good, controllable contact between the powder and metal.

Most of the work was done with various comercial types of

lead azide, but some experiments were made on graphite-.coated pro-

pellant, a highly conductive powder in electrostatic terms, and on

RDX, a non-conductor, in order to clearly illustrate two types of

charging.

Among the parameters investigated were trough metal, type of

powder, and manner of feeding the powder into the trough. However,

the experiments, in which particle size, amount of powder and elec-

tric field were varied, were the most informative Cl). The faily

of curves in Figure 2 illustrate the dependence of charge on

quantity and on particle dameter. From the slopes on the log-log

plots we can see that the charge is approximately proportional to

tht', square rout of amount. Also the chargge per vnit mass at a

given sample size increases with decreasing particle 6iameter.



In a separate series using 5 or 10 mg samples of powder having nar-

rowly defined particle diameters, it was found that for a given lot

of powder, the charge per unit weight was inversely proportional

to the first power of the particle diameter. One can infer that

the charging would be proportional to the number of contacts between

a particle and the metal.

In the next figure, Figure 3, the influence of an electric field

on the charging of lead azide is shown. The linearity - up to a

point - is evident. The intercept with the ordinate, i.e. at zero

applied field, corresponds to contact charging. Note that it is

possible to compensate for this by applying an external field of

appropriate direction and magnitude. The curvature ir, the left side,

with negative voltage on the upper electrode, was due to electro-

static attraction', which caused the pt rticles to be picked up, charged

in the opposite sign, and then be repelled away from the upper elec-

trode. Most of the particles were thrown away from the apparatus.

Incidentally this effect did not cause any initiations.

The behavior of a conductive powder,(graphite-coated propellant)

and of a non-conductive powder (RDX), is compared with that of lead

azide in Figure 4. The curves are for 25 mg samples in all case-,

and in the case of the ROX and lead azide, the particle sizes were

comparable. That for the propellant was considerably larger. The

propellant shows charging by induction only, while the ROX shows

1254



essentially contact only, at least within the time scale of the ex-

periment. The lead azide shows both mechanisms. If the size of the

propellant particles had been comparable, the slope of that curve

would have been much greater, by a factor of about eight.

Now I want to describe the relaxation work. Although it is not

difficult to measure magnitude of charging or to determine which

charging mechanisms are important in a given powder, it was felt

that measurements of relaxation times of charges woulu be a more

useful approach. Not only does this quantity give a direct measure

of the retention of a charge, but it also gives a measure of resis-

tivity, which in turn is important in determining the nature of the

charge mechanism. The resistivity is related to relaxation time by

the expression

T = ()

where x is the relaxation time in seconds, e is the dielectric

constant, e. is the permittivity of free space (0.885 x 1O"13

Farad/cm) and p is the resistivity in ohm-cm.

The experimental method chosen(2,3) is illhstrated in the

schematic drawing of Figure 5 and a prototype of the principal parts

is shown in Figure 6. The method is based on chdrging a small amount

of powder by means of a corona discharge, and then observing the

decay of the charge with an electromettr and recorder, or with an

oscilloscope. In operation, 10 to 20 mg of powder is spread out so as
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to cover 1/2 to 1 cm2 near the periphery of the turntable, the turn-

table electromete-, recorder and power supply are turned on and when

the recorder shows that the powder has come to a steady state of

charge, the power supply is turned off. The decay is then followed

by the electro..iieter and recorder. Figure 7 shows representative

decay records for three powders, lead azide, basic lead styphnate

and tetracene, The rates are quite clearly different.

To obtain a decay rate from the recording, the readings may be

plotted on semi-log paper (Figure 8). In the case of an exponential

decay, the plot gives a straight ine the negative reciprocal of the

slope of which gives the decay time. It was found, however, that

initial rates were high, as illustrated for lead azide in Figure 8,

the curves approaching a steady state asymptotically. This was

attributed to a poldrizatio$a effect (4) and was most noticeable in

the faster rates which were associated with high humidities. In

practice, it was faster and more convenient, in such cases, simply

to disregard the first third or half of the decay curve and to read

off the tioe required for the next drop of 63%. This procedure, it

is felt, gave conservative (longer) time constants. In those samples

in which decay was too slow to use this procedure - as for the tetra-

cene and lead styphnate - the time constaiAs were obtained by use of

the equation

ln(V 2/V1 ) l/T(t 2 tl) (2)



Representative data for ambient conditions are shown in the

Table 1. The resistivity values were obtained from the experimentally

determined relaxation times and by use of the equation (1). In

using equation (1), the product co was taken to be approximately

2 x 10-13. The values of resistivity, it should be noted, are only

empirical, but they do serve for comparative purposes. The values

in parentheses were obtained at a time when sunlight was entering

the hood where the experiments were being done. These show that

lead azide and tetracene are photoconductive.

The marked dependence of relaxation times - or if you prefer

resistivity - on humidity is shown in the next pair of photographs,

Figures 9a and 9b. These were obtained using a later version of

apparatus with a storage oscilloscope and charge amplifier. In the

first, the relative humidity was 66%; in the second, the powder was

allowed to equilibrate for an hour with Drierite. The humidity in

the chamber was estimated to have been 10%.

During this work one of the investigations undertaken was to

evaluate the effect of small amounts of antistatic agents. For this

purpose, samples of commercial anti-static agents were dissolved in

alcohol at concentrations such that two drops of the solution would

leave 0.1 to 0.2 wt.-% in about 35 mg of the explosive, after

drying. Although decay rates were increased detectably in some cases,
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results were sensitive to small amounts of residual alcohol, and were

not very marked at the additive levels used. The effect of humidity

was much greater.

This concludes my description of the relaxation work.

I would like now to make a few observations concerning the appli-

cability of charging and relaxation measurements such as those

described here. First, it is general practice, in order to control

electrostatic hazards, to eliminate or to get rid of charges as soon

as possible. The methods described are safe and do give. reliable

methods of indicating probability of charging by a given method bit

also permit quantitative evaluation of amount of charge and the

effectiveness of steps taken to rectify a given hazardous condition.

A second point: it is well known that powders do in fact

become charged in handling. Even powders through which highly insu-

lating liquids are passed as in a filter bed, can become charged.

However, there has so far been no way to answer the question "Yes,

but how dangerous ar3 these charges?". One way to give a quantitative

answer is to comlpare the amount of charge available, with that needed

to initiate. The experiment to detenine the latter still needs to be.

done, but we can determine "how much is there?'.
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FIELD IN A VIBRATING TROUGH APPARATUS

1- Propellanta.
-V "00

3 +200 -

0

oli
E

U-,

- +100

o ~Lead Azide(8)

C--

0

0

00

.-

-200

-200 -100 0 +100 _200

Voltage on the Upper Ele,.trode of the Apparatus

*Data for plot of Lead Aztide curve was extrapolated from data In

Figure 4. and from information regarding "Effect of Applied Field*

and derivation in Appendix C. of PATR 4214.

Gi , : " '

I-h



FIGUFFP 5

CGFOWA CHAWINTG A? -ARATUS; SCHEMiATIC

Electromet' Tablen-

Recorder

FIGU~uz 6

CC11ONA CFARGING AYFAFATUS; TUhZTABL'-



KEITHLEY INSTRUMENTS, INC. CLIVIIANO 0.410, US.A.

HT h ON THF DoA

ona I Ii 134A

.I .I .fII .t IM L
A I 1 I

3/M8/J AM.



~3:. SEMI-LOG PLOTS OFCHARGE vs T'IME

3.0

co

~2. 13ASIC LEAD STYPHNATE

z LEAD AZIDE TETRACENE
1.0-

~0.6-

~0.4-

0O.3-

0 TIME, SCONDS a

1266



Figure 9
FHEFCT CF VLATIVK b II411qITY ON CHAPCE TM.LXATICN ON

1: AD ATLE A, FUNCTION CF VI IDI

.2v 2S LAj uiLt -

- 1_ -4-1- - --
4, LL DPl ' K

4 v y, i \IV I T, AR iO., , i l-

I -v

io~ O tha' oritinl photogrphs I'M not well reproduced on the Xernx mach~n;.
Tn this sketch, only the envelope o the traces Mre .hown to illuit.rAte the
affocts.

1267



TABL 1

CHARGE RELAXATIDN TIMM OF EXPLOIUES

SAMPLE RFLAXATION RESISTIVfl
TINE (Sec) (o** -)

(Pow ders Used in Electrification Studies)

FROPELLANT FOR 61 -
HK MORTAR

RD 1333 54AD AZIDE 17(6) 1O14

(owC 2-2)

RDZ (Cl 3, Type A) 1980 1o6

(Other Explosives)

WA LEAD AZIDE 29(13) 1o 4

(OM 69-1)

LEADAZID WITH 0.1 I 1o1 1012

anti-3tatic agent

DsIc LAD STHmNATz 275 1015

TETRACENS 2400(150) 1o 6

*VALUES INl PARETHESES AREI FOR SAMPLES 1IMTATED BY
w LIGHT AND ARE INDICATIVE OF PROMONDUCTION
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CLOTHING MATERIALS AND STATIC GENERATION

by
Prank J. Rizzo

U. S. Army Natick lAboratories

To those individuals involved in some way with hazardous or sensi-

tive materials the word 'static' conjures up thoughts of explosions,

fires, death and injury and even of general devastation. This conference

attests to the concern that exists among one discipline group whose in-

volvement is with materir.ls of this nature. Our purpose here today is

to cast the revealing lignt of verified fact on the subject with reference

to the role that may be played by nlothing in a system that consists of the

clothing, the hazardous or sensitive materials and a particular set of

conditions. We do not intend to promote relaxation of attitude or J.ack

of concern about the possible adverse effects of electrostatic discharge

but rather to identify the proper measures that may be taken in a given

situation, to explain the purpose for these measures and to essess t',e

degree to which they may apply under a specified set of conditions.

In order to set the stage for the analysis of the levels of hazard

that can exist as well as the means that can be taken to deal with the

problem as it relates to clothing, we need first of all to have before

us an understanding of the origin, the controlling factors and the general

behavior of electrostaic charges on textile and related polpner surfaces.

Thus, the first point that needs to be made is that static is of electron-

ic origin related to polymer structure. It Is the electronic configurattion
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of the component atori and molecules and the nature and completeness

of the molecular bonding in the establishment of structure and order

in the polymers that in fact underlie the phenomenon of static electri.-

fication.

If a perfect electronically-neutral system could be realized, no

electrostatic properties of any consequence would exist. Such fibers
(1)

would be electrophobic . Unfortunately, for the area of our concern

polymer structure does not achieve the degree of perfection in order and

molecular coupling that would provide this ideal, and aberrations and

discontinuities are generated within and between the molecular chains

of these polymers. These structural features form the loci of free

electrons and/or positive charges, generally referred to as electrons

and 'holes'. They impart to the material an ability to release or to

attract char,es from any medium within its environment to achieve the

lowest energy state possible. With textile materials these occur by

acquisition of ions during wet processing as well as from the atmosphere.

Thus what exists on a fabric surface under normal conditions are ion

pairs.

The charges associated with the several aberrations and discontinu-

ities (many of these are chain ends at the surface) are not all of' the

same electrical state; some lie deeply in the polymer structure or are

quite stiongly bound (deeply trapped) some are weakly bonded; (in shallow

traps). Around each of these free charges is an electrostatic field.

If the fields of any two opposing charges overlap, we have internal

neutralization. If the fields are far apart, so that interaction
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between fields is not possible, then the movement of the chargesi be-

comes necessary in order to achieve neutralization. This implies a

degree of mobility for the charge and a restraint to movement of the

charges along the polymer surface. Specifically defined, the mobility

of a charge depends on the strength of the bond with the polymer

structure, (i.e., the depth of the trap), the electrical conductivity

of the medium and the path length between opposing charges, and the

temperature. The electrical conductivity of the medium measured at the

surface of the material or through the volume is recorded as surface or

volume resistivity or as specific resistance, measures on the one hanLi

of the strength of the bonding and on the other band of the height of the

barrier to motion across the material.

Textile fibers vary intrinsically in specific resistance relative

to each other, a characteristic that is related to their dielectric

(2)
constants as seen in Table I utilizing data reported by Hearle . There

is also thereby a relat1 nship ;o the moisture content. The general

order of arrangement of different materials in this table is quite

similar to that achieved frot an examination of the charges found on

these same materials when rubbed against one common material surface.

This ranking is called the triboelectric series providing a qualitative

placement of these materials ranging in strength of polarity from

strongly positive to strongly negative. Two such series are shown in

Table II. The order of placement of materials in any such series ob-

tained by rubbing of one surface upon another is highly dependent upon

the severity of the rubbing and the degree of intimacy of surface contact

1271



TABLE I

DIELECTRIC CONSTANTS AND LOGARITHMS OF MASS SPECIFIC
REZISTANCES (F.) OF VARIOUS FIBROUS MATERIALS

Dielectric Constant Log 10 Rs
at 65% R.H. + 1 Kc/S at 65% R.H.

Cotton 18.0 6.8.
Viscose 15.0 7.0
Wood 5.5 8.4
Fiberglass 4.4 ---
Polyamide 4.0 9-12
Acetate 4.0 iU.7
Polyvinylchloride 3.0 -r-

Vinylidenechloride 2.9 ---
Polyacrylonitrite 2.8 14.0
Polyester 2.3 14.0

TABLE TI

TRIBOELECTRIC RANKING OF FIBROUS MATERIALS

Hersh and Montgomery ( 3 )  Lehmicke(4 )

+ +

Wool Glass
Nylon Human Hair
Viscose Nylon
Cotton Wool
Silk Silk
Acetate Viscose
Lucite Cotton
Polyvinylchloride Ramie
Dacron Steel
Orlon Rubber (Natural)
Dynel Acetate
Velon Rubber (Synthetic)
Polyethylene Saran
Teflon Orlon

Polyethylene
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that is achieved. Charge reversal can occur. When this is found, it

has been generated by evaporation of adsorbed moisture (this occurs

with cotton at high voltage gradient levels) or to the movement of

matter from one surface to the other by which additional structural

aberrations have been produce' during the rubbing.

The relative polarity differences seen in a triboelectric tabulation

theoretically could provide a possible approach to limiting the amount of

the charges that can develop on a material. In point of fact, this does

occur so long as the blend of the two fibrous materials is sufficiently

intimate and the proportions of each in the blend are related to polarity

strength differences. However, in a clothing assembly on an individual

in a layer separation situation, the electrostatic properties of the

separated layers and of other elements of the clothing and the charac-

teristics of the physical environment of the suspected hazardous or

sensitive situation are generally the iltimate determinants of the charge

density on the individual.

Our attention to the properties of the materials and to the circum-

stances of the hazard scene is appropriate because as can be deduced from

the foregoing, it is the relative materials properties that lead to the

nature and density of the charges on the layers in a separation situation.

The clothing elements in ibolation are not a threat. Removal of an outer-

garment from a clothing system on a manikin having the capacitance of a

human but a skin surface of very high specific resistance, does not pose

a threat to anyone or to anyti ing, even though a chexge equal to that on

the residual outer layer of the clothing has been inucei on the manikin.
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In this case, the barrier to charge movement is so high that charges

have no place to go. They do not move from the manikin, even to a

grounding element, unless that element is all encompassing and achieves

over-all intimate contact.

With a human subject, who is both a capacitor and a conductor, a

similar condition is realized in an isolated-from-ground situation,

although unlike his inanimate image he does represent a threat in a

grounding situation. Thus, as soon as he can contact either a material

or surface of lower capacitance or a conductor, charge release occurs.

A spark is observed when the voltage on the individual exceeds the

breakdown voltage of the air gap between the individual's finger and

the receiving surface, and only at the proper gap distance.

When a spark is generated and released, we are dealing with an

energy factor. It is the amount of this energy, the rate of its release

and the energy and time constant requirements of the hazardous or sensi-

tive material that must be equated to establish the probability for the

occurrence of an event. The relationship of energy (E) in joules to

capacitance (C) in farads and to potential (V) in volts is:

E 1/2 CV2

In Figure 1, are plotted F, in millijoules for a 200 picofarad human

at different induced potentials, within the range of voltages normally

realized in a human whose clothing is in equilibrium with an atmosphere

containing 30% R.H. or less.
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In Table III, are data after Silsbee ( 5 ) and k&wis and Von Elbe( 6 )

for several sensitive or hazardous materials.

TABLE III

IGNITION ENERGIES OF SELECTED SENSITIVE OR

HAZARDOUS 1 ATERIALS

Silsbee Data Lewis & Von Elbe Data

Methane/Air 0.50 0.29

Gasoline/Air 0, 80

Diethyl/Ether/Air 0.20 0.20

Propane/Air ---- 0.25

Propane/Oxygen .... 0.002

Cyclopropane/Air 0.20 ----

Heptane/A1' ---- 0.23

Benzene/Air 0.50 0.20

IHydrogen/Air ---- < 0.014

Acetone/Air 0.60

Cu-Acetylide 0.002 ----

Pb-Azide m4 ---..

While differences exist due to the differences in methodologies used

in attaining the data, the fundamental tact is that either set of values

are readily attainable from a clothing-human system.

Several considerations emerge from the irmediate foregoing. One

is the role of moisture in controlling static generation; a second is

that there is enough energy in a spark released by a human with power

exceeding that required by many sensitive or hazardous materials; a

third is that there is a relationship between rate of delivery of the
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energy aid its ability to create a problem. There are others.

The role of moisture is most significant because it is the medium

for ionization and for electrical conductivity or ionic transport, once
(7)l(8)

the moisture content exceeda a mon#volecular layer • Keggin
(9)

et al have also shown that moisture influences the extent of the

residual charge after a discharge. This matter of a residual charge is

related to charge mobility in the external layers of the clothing system

and more particularly on the marner of discharge. When physical contact

between the human and a groinding element is not achieved, the amount

of the charge that transfers through a spark is t1at required to balance

what are essentially two capacitances. Here, only a part of the total

charge on the subject is released. In a physical contact situation with

a grounded element, the human is completely disciarged but the clothing

can retain its charge in relation to char;e density and barrier height.
(io)

We have shown that this can result in a reinduction of charge c0nce

connection with ground is broken. This is shown in Fig. 2 for two

epecific conditions.

C'n theoretical grounds alone, it becomes obvious that relaxation

and dissipative forces in the receiving material of an energy input

determine whether a particular reaction proceeds and at what rate. This

reasoning applied to electrostatic discharge will show that the rate of

ener"v input as well as. the availability of the required amount of enerW1

will determine whether anything happens. Ornocr (ll)'has shown by data

reproduced in Table IV that the rate of doffing of an outergarment makes

a difference in the voltage induced on the individual.
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TABLE IV

EFFECT OF RATE OF OUTER LAYER SEPAPATION ON INDUCED
POTENIAL 1OLYESTER/COTTON POPLIN JACKET OVER NYhN/COTTON

TWhLL JUMPER

33% R.H.-690 F.

Re.ora Time Potential on Human Subject
(Sees.) (In KV)

<1 5.5

2.5 6.3

3.0 5.7

4.o 4.0

6.c 3.0

8.0 2.6

Obviouly, as resistant? to charge motuion trVa3s, this effect

is reduced eventually attainni a high steady state potential value.

Another factor limitinq the level of charge on the individual is

the d cree of tntimady of contact of the armont layers prior to separatioa.

Since ion pairs are ements in the redistribution of clairges on the two

outermost layers of a clothing assembly during separation, the layers

must have come in sufficiently close contact with eac.h other previously

so that their electrical fields were able to interact. In a normal

clothing system the decree of intimacy of contact is sporadic. In

addition, as Bertein ( 12 ) has shown t)'ere txist islands of charges of

different polarities on the same surfaces as a norn. I situation and by

implication there must be charge-free areaos as well. Thus, even in the

highest barrier conditions (hirbest specific resiitauce) the maximum
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charge density possible is not realizable. On the other hand, where

charge mobility is high, as it is with cotton at normal to high R.H.

levels, the charge mobility factor can compensate for the lack of

complete surface-to-surface contact, and lower levels of residual

charge density result. Accordingly, it is advantageous to have high

conductivity in the fabric layers to reduce the amount of the residual

charge. Several approaches exist as seen in Table V.

TABLE V

METHODS FOR REDUCING ELECTROSTATIC CHARGE
BUILDUP IN TEMWILE MATERIALS

Materials Functioning Durability

Humectants Enhance charge Regenerate after each
mobility laundering

Ionic compounds and Electrical conduction Regenerate after each
salts laundering

Curable ionic polymers Electrical conduction Up to 30 launderings
(min.)

Graft Functionalities on Electrical conduction .Durable in soft water
Fibers washing. Fail in hard

water

Metallic Fiber in Blend Dipole - Dipole Lifetime
(Brunsmet) Smearing of Fields

Epitropic Fibers Electrical conduction Lifetime
(conducting carbon on
surface of fiber)

Treatment of the fabrics is obviously beneficial, but whether the

individual acquires a charge of potentially hazardous dimensions depends

upon the system, as previously mentioned, and significantly upon vhether

he is grounded or isolaued A-m ground by virtue of footgear or the plat-

form on which he stands. We alluded to this earlier and illustrated the
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effect by Fig. 2. In Tables VI and VII, we repeat data previously
(10)

reported achieved with several combinations of materials on a hu-

man subject at two different R. H. conditions. The differences are

certainly impressive. They suggest that one of the several ways to

avoid problems is to ground the individual at all times while in the

performance of his duties. Another approach is to completely isolate

him from ground, but this has the element of human failure. A further
(13)

suggestion has been made for the attainment of an equipotential

state by constant release of charge from fine points. This would be a

useful concept if there were an easy way to achieve it, Needle points

like 'spurs' on a rider's ankles in direct contact with the skin by

bleed-off of corona discharge may accomplish this. This is -being studied.

Finally, the nature of the discharge point has been an area of

controversy. With the human, the finger tips are generally the release(12)
points. Heidelberg, in a discussion following a paper by Bertein

previously mentioned, reported that the larger the radius of the electrodes,

the lower the probability of danger from electrostatic discharge in the

presence of explosive mixtures even of hydrogen and air. Recent work
(2)

by Orner using a propane/air mixture at room temperature and pressure

produced ignition with brass needles of the order of 0.05 m. Increasing

the electrode radii led to increases in the energy levels required to

achieve ignition of tUs. gaseous mixture. Our most recent efforts with

Avgas vapor mixtures with air well in the explosive range undertaken

for the USAF failed even with fine pointed electrodes. The voltages were

generated by personnel wearing Polyester/Cotton Durable Press fatigues
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TAKLE X

SURACE BESISTIVITY VALUE MRi A? Cl~nMI
70P - 3D% L..

Garmnt/layer Sr c

Shirt, Womn's, Utility, P/C, Blue 1550. 3.3 x 1012

Blacs, WCen's Utility, P/C, Blue 1577 7.0 -Z 012

Shirt, Wasen's, Wool FUanel, Fields oG-108 3.3 x 1X

Mlacke, Women's, 85% Wool, 15% Nylon, Field,)o3
Serge, OG-108

Shirt, Wmen's, Lon Sleeve, 50/50 P/C, 2.7? x 10I2
Precureds. Blue 1577

Slackas W~enas 50/50 P/C) Post Cured, 5. 5 x 1012
Blue 1577

Shirt, Meno, Long Sleeves 50/50 P/C, 3.3 x 1012
Post Cured, Blue 1577

Shirt, Menls, Short Sleeve, 50/50 P/Cs 5.7 x 1L
lRst Cured, Blue 1577

Trousers Meno, 50/50 P/C, Post Cured, 9.3 z 10A2
Blue I57

Jacket$ Men's, tlItyx 50/50 P/C, 7. 3 x 1011
Pr'oured, Blue 1577

Lining of Jacket, 50/50 P/C, %bat Cured, I4.7 x IOl2
Blue 1577

FMying 14aketo Realism A?* Nylon Twill - Ou~ter Shell 'jX

smeis Jacket (used as separ'ation isye)

Nylon i,&.;Aet (umed as separ'ation la) ,o1013
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under nylon flight Jackets. Tables VIII and IX show the resistivity

and voltage data for these systems. When oxygen replaced air in these

mixtures, explosions were readily realized with all electrode systems

used.

What then does all of the foregoing tell us ith respect to the

haardovs situation stemaing from the materials and end items of concern

to this audience? If we review the possible ways in which to control

the charge develapaent on the clothing system, as we have in Table X,

TABLE X

FESIBLE WAYS TO CONTROL CUARGE
DEVELOThENT ON COTING

Achieving a tigher degree of purity in the
substrate.

.Using additives that will lower the energy'
barriers and increase electrical conductivity
of the material.

Using additives that will provide a new surfce
on the material with eledctronic configurations
having smaller enery gaps.

Modifying the polymer structure to achleve a
molecular orbital configuration with a high
-IT -electron cloud or ionic strength,

we conclude thAt in a practical aense al that we can do is what we

chow in Table X1. We can insist on using only all cotton clothing

which most individuals coisider as a standard of reference including

us, as seen in Table XII. This is bted on experience over many

yenv ten everything. a pers-on wore was either cotton or WOOl. What
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TABLkI

HACTICAL WAYS FOR COm)LLIq CHARGE
DEVEW24MT ON CLOTHIN

Blending of fibers from opposing positions in

the triboelectric series.

Applying antistatic finihes.

Admixing of organic and metallic fibers.

Grafting ionizing functional groups on
existing fibers.

TABLE XII

STANDARD LEVUS OF SPECIFIC
RESISTAkCE MOR MATERIALS

- 109 safer-than cotton

lo9 - ion practical safe levels
as safe an cotton or
better

1 -lo2 varginal for safety

- o12  Proesively Unsafe

do we do then when we have conditions such as we have seen in Table

XIII? What we axe left with is our beat intuition after careful

scmutiny and analysis of the technical evidence at hand. This evi-

dance tells us that the problem of hazard really is a probability

function and our ewperience is that overall it is quite low. Further

anaysis tells us that it is low because of the nwW factors involved

that must operate in consonance and in proper time and ith sufficient
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TALE XIII

LWGR PER UNIT AIREA FOR FIBERS AT DIFET
T34PRTURE - R.H, CONDITIONS

2% R.H./ 2% R.H./ 2% R.L/ 50% R.H./ 70% II.H./
-10 C 00 C 500C 240 C o0 c

Cotton 15.5 15.5 14.5 10.3 10.0

Wool 15.5 15.7 16.o 12.3 12.5

Nylon 15.5 15.7 14.9 14.3 13.0

energy, a situation that does not seem to develop with a high level of

incidence. We can, as we have seen, attain sufficient energy but to

achieve a proper level of assured safety, our Judgment is that both of

the outer layers of a clothing system need to have some kind of charge

dissfpating quality about them. We have shown that there are several

wys in which this can be done but it all comes down to this typ of

action plus insuring that there is a constant grounding of the individual

at all times while he is perfoming the potentially hazardous activities.
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RENOVATION OF OLD CONDUCTIVE FLOORS

Mr. I. T. Cruz
Naval Weapons Station, Yotktown, VA

navy Safety Regulations (OP 5, Volume 1, Third Revision) require a

conductive floor for operations where there are open explosives and/or

sensitive ordnance devices that could possibly be affected by static

discharges. In other words, conductive floors with positive grounding

are mandatory in areas where personnel work with or, are In contact with:

1. Open explosives or explosive mixtures that are sensitive to

static discharge.

2. Solvents and other flammable chemicals

3. Electro-exploslve devices

Examples of I ar. open melts, castings., imeadiary, prlsr ant pyro-

technic mixtures4  Examples of 2 are ethyl ether, ethyl alcohol, ethyl

acetate, acetone, gasoline, ben-ine, and naptha. Enples of 3 ate primrs,

initiator, dtt04ator, igniter, and tracer. Op 5 further states that the

elctrical resistance must be Measured at least sen-anoual ty, a. 4 that

the resutmnce measured between ground and five square inces of floor- iree

tast rot exceed 260,000 ohms.

During the* fal I of 191.. sc-vera conductive floor in the exp0losive

pring plants at the Naval weapo.s Statito, Yourktow virgtni*. **ere fouid

-to have very high and unsatisfactory flooe resistace. retaoino. Sow

readings were in ttte millioni ohms while tne Mceptabe reanag At that -time

was 4ftot to exteed 250,,000 ohms."' $ince then, tis regution vas chact4ed

in aeptefer 1973 to ra "not to exceed one UilliOn O'h.

ft age"2h



Several methods were used to clean the conductive floors; they were

steam cleaning, scrubbing with approved cleaning agents and the use of

dry grinding machines to attempt to clean the floor; however, none of

these methods gave a satisfactory result,

Since cleaning had been unsuccessful, it appeared that perhaps the

best solution would be for a new conductive floor to be laid over the old

floor. The method discribed in KAVFACSPEC TS-9Fl5a with change one, was

one of the new floors considered, However, refinishing in accordance

with this specification requires a minimum of sixty days curing time.

The curing time when added to the cleaning, preparation, and the application

time dictated the consiaeration of soe other hiethod,

The kettle deck of Mine Filling Plant Three was chosen to be the pilot

test for laying of a new conductive floor, with an area of approrimately

1,420 square feet. A new floor cost approximately $9, per square foot -

maki.g an approximate total cost of $12,780.

The writer of this paper was not completely satisfied that laying a

nocw floor was the best solution -- considering the cost and the sixty days

curing time as required by NAVFACSPEC TS-915a with change one. Tnerefore,

* a re-examination of the old conductive floor of the kettle deck of mline

Filling Plant Three was made as follows:

1. The floor was constructed/poured in 1945. A typical cross section

of the floor is similar to figure 1. It Consisted of approximately eight

inches of reinforted concrete plus one inch of conductive floor consisting

of a network of coppeewiring ana metal filings sprinkled generously

throughout to provide continuous electrical conductivity.
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2, Through the years, dirt and wax filled the porous surface of the

conductive floor. In cnecking with one of the contractors who provided

the waxes in accordance with specifications, it was revealed that non-

conductive waxes were used instead of conductive ones.

3, The use of steam cleaning just removed dirt and wax on the sur-

face but did not remove those imbedded within the concrete pores.

4, The use of dry grinding machines imbeds the dirt and wax deeper

into the concrete pores. In many cases the resistance readings were higher

after the dry grinding operations.

It was then decided to use another type of grinding machine. An

electric terrazzo grinder as shown in figure 2, was chosen because this

machine uses a large amount of water during the stone grinding operations

on the concrete deck. It proved to be a most successful operation,

Floor resistance readings in the mega ohms were recorded before grinding

After using the terrazzo grinder the metal filings could be readily seen

all over the floor and the resistance readings dropped in most areas to

between 10,000 and 100,0 ohms -- well within the 250,000 ohms limit.

The advantages of renovation of old conductive floors in lieu of a new

layer of conductive floor are as follows:

1, There is no preparation, cleaning, or application and curing time

involved.

2. There is no added weight of the additional floor.

3. It is more economical. The estimated saving for the kettle deck

alone on Mine Filling Plant Three is as follows:

a. New floor - 1,420 square feet at $9, per square foot $12,780,
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b. Terrazzo grinding - 142U square feet at $0.35 per

square foot (Done by private contractor through

a service contract), 497,00

c. Saving reflected

Upon completion of this experiment in 1972, the Naval Weapons Station

Yorktown, Virginia procured its own terrazzo grinder machine. Since then

several other conductive floors have been successfully renovated using

this machine,

NOTE: Mr, Ignacio T. Cruz is the Safety Uirector, Naval Weapons Station,

*Yorktown, Virginia. In 1972. when the experiment of renovating the

conductive floors was being perfoned, Mr. Cruz was the Maintenance

Control Director of the same comand,
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NAVSEA SYSTEMS SAFETY GUIDELINES

T. M. Leach
Manager, Systems Safety Programs Division

NAVSEA Safety School Department
NAD Crane, Indiana

I would like to discuss some of the new strides which are

taking place in the area of Systems Safety within the Naval Sea

Systems Command in the form of OD-44942.

First, I think it is important that we realize the overall

purpose of performing System Safety Analysis, and that purpose

is to acquire information about a specific system. All that we

can hope to achieve from analysis is information. Hopefully,

we will use that information to make informed.panaiement deci-

sions, and make them before we have accidents.

It should be pointed out that the analysis will not make

any decisions, but only give us information from which decision

can be made. The question may be asked, is this information

gathering process, system safety analysis, worthwhile? Our con-

tention is "yes," because of consequence factors such as:

accident cost, property damage, personnol injury and death, and

public notoriety. It is important to acquire as much inform-,

tion as possible about our systems so the disaster such as these

(Slides I and 2) nay be avoided in the future.

To help accomplish this task NAVSEASYSCON has developed the

Weapon System Safety Guides, OD-44942, Parts I-IV. 11e ODs are
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SLIDE 1.

SLIDE 2.
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designed to cover the entire life cycle of a weapon system.

Part I is the System Manager's Guide. Part II covers the re-

sponsibilities of the Principal for Safety; Part III the

responsibility of the Safety Engineer at the program level,

and Part IV covers the Explosives Ordnance Production evolution.

For the purpose of this presentation, I would like to dis-

cuss Part IV; the types of operations encompassed and how

a typical system safety program may function at a production

activity.

The purpose of 0D-44942, Part IV, is to provide guidelines

for the application of system safety techniques to the control

of explosive hazards encountered during the production and

certain ordnance life cycle operations.

These operations include:

* Manufacturing

* Explosives Loading

# Coupernt, Sub-Assembly Build-Up

0 Renovation

* Oeailitarization

# Routine Disposel

Routine disposal does not encomass .Jqlosive ordnance

disposal (EOD) operations.
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LIFE CYCLE INTERFACES

The relationship of the Weapon System Life Cycle and the

Production Life Cycle can be seen in Slide 3. The Production

Phase can be extracted from the weapon system cycle described

in Parts I, If, and III and expands the phase into the explosive

ordnance production life cycle. To define the responsibilities

for the performance of system safety tasks in each phase of the

production cycle, the function of and interfaces between, the

Naval activities and personnel involved must be considered.

The functional responsibilities of each of the activities

can be illustrated in the fo!lowing slides (Slides 4 and 5).

The procuring activity must require and provide funding for a

system safety program in accordance with NIL STD 882 whenever

it i-ssus a work request for production of explosive ordnance.

This includes start-up of an inactive existing line, design

and development of a new production line, or modification of

an existing production line.

The Liaison Agent serves as the coordinator between the

outside activities (engineering agents, process developer,

production planners, facility designers, equipment designers,

and procedure developers at other government activities or

contractor's plants) and the production activity.
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PROCURING "

ACTIVITY

MISSION TASKS STATUS PHA SOW* and
AND SAFETY REPORTS SSPP MIL-STD-882
REQUIREMENTS REQUIREMENTS

LIAISON SAFETY DATA PRODUCTION
ACTIVITY

AGENT ANALYSESCOR- (figure 2-3)
RE.CTIVE ACTION -t RISK DECISIONS

REQUEST ENGINEERING DWSIGN DATA, SAFETY
to AGENTS CRITICAL DATA, SAFETY-e

FOR DATA (NAVORDINST 5400.1OA) TEST DATA

REQUEST EXPLOSIVE PROCESS TECHNICAL DATA FOR
_... - -- SAFE EXPLOSIVEFOlDT DEVELOPER IPRCSSING

REQUEST PRODUCTION PLANNING TECHNICAL DATA, SAFETY
- : ... -TEST DATA, HAZARD

FOR DATA eFACILITY DESIGN ANALYSES, CORRECTIVE
*EQUIPMENT DESIGN ACTION, RISK DECISIONS
*OPERATING PROCE-
DURE' DEVELOPMENT

SOW a Stateent of Work

SLIDE 4. PRDCTION sYsTE SAPETy INTERPACES
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COMMANDING

OFFICER

STATUS REPORTS

WEAPON
QUALITY SYSTEM PRODUCTION TECHNICAL DATA, SAFETY
ASSURANCE TECHNICAL ACTIVITY
DEPARTMENT FE LIAISON AGENT CUPATI L DEPARTMENT

DATA 7 AFETY,PIIA,SSPP

TECHNICAL SAFETY DATA, SAFETY TEST DATA,
HAZARD ANALYSES, CORRECTIVE ACTION, RISK DECISIONS

PRODUCTION FACILITY EQUIPMENT OPERATINU
P~ROCEDU RE

PLANNING DESIGN DESIGN DEVELWP14ENT

Sj.IDi) s. PRODUCTION ACTIVITY SYSTEM SAFETY INTERFACES
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The Liaison Agent receives the mission tasks and safety

requirements from the procuring activity and passes then on

to all other activities. He in turn provides the procuring

activity with status reports on the system safety hazard

analysis results. In essence he assumes responsibility for

coordinating the SSPP'requirements, hazards analyses results,

safety critical data, etc., between the production activity

and all other outside activities to insure that, from the

safety standpoint, no interfaces are ignored or areas of

required analysis are overlooked.

The production activity in response to the work request
**

must prepare a PIA of the proposed production process, and

from the results of this analysis prepare a SSPP. To prevent

a proliferation of. umcessary paper work, it is recomuendd

that each production activity prepare a station instructio

entitled System Safety Program Policy which contains an all

inclusive swle SSPP which is readily adatable to any pro-

duction process. This SSW should be adaptable to those

production cycles carried out coqletely on station as well

*s those reqiring other govenment activity aM/or caotractor

assistance. Slid. 6 provides an outline of a typical SSPP.

In order to ptovide continmity, efficiency, timliness and

overall effectiveness it is advisabe to-train specific

Windiviuals for. 40driag flI and SSPP's ;for all production

• - SSPP - sst Safety Progra Plan

-PH1A - Pneliaiaary Haant Analysis
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lines. At the discretion of the Commanding Officer, this

individual could be located in the Safety Department, Ord-

nance Department, or Resources and Planning Department.

Por example, the PHA and SSPP may be prepared by the pro-

duction activity Ordnance Jpartuent. However, the PHA

can only be conducted with inputs from the Safety Depart-

ment and operating procedure preparer. In addition, the

Quality Assurance Department must conduct and integrate

with the Ordnance and Safety Departments a PHA to ensure

that design safety of the weapon system is not degraded

during the production process and must recomend corrective

action to preclude such an occurrence. Oftentimes, tests

must also be conducted or test data obtained from engineer-

ing agents, process developers, etc., to determine require-

mats for safety devices, safe distances, etc.

After the Safety Department Iart reviewed and approved

the conleted PHA and SSPP and risk decisions have been

made by the Station Comeanding Offier or his representa-

tive andlor the procuring activity, Subsystem Hazard Analyses

(SSHA) are conducted on hiSh risk work areas, equipment, and

facilities/utilities. High risks are deterained as a result

of the PA. SSHA's and corrective action ar'c to be completed

by those responsible for production -'aning, facility/utility

design, equipftat design and operating procedure development.
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The original PHA is also updated by the Ordnance Department

to insure no additional hazards are involved in the areas

not covered by the SSHA's and to integrate the results of

the SSHA's into the overall system analysis. When the

equipment and facility drawings are available, the SSHA's

are completed and the PHA updated, they are utilized by

the preparer of the operating procedures in order to con-

duct a System Hazards Analysis (SHA) during the time he is

writing the operating procedures.

Corrective action will be taken preferably through

design changes or through procedurai changes when design

change is impractical. The SHA may be in a narrative

format, columnar format or a fault tree, any of which often

reduces to a detailed update r the PItA. With compl.etion

of the SILA, actual safety inspection of the lina is con-

ducted during a dry rui using inert wato rials wherever

possiole.

During pilot line production an Oprating tazards

Analysis (OL) must be conducted with specific omhasis

placed on experience gained froa obseiving the man-

achi ne/~achi ne-machin/achine- fad it i es interface.

Results of the CILA are to be utilizo-d to improve cquipont

"d procedure sasfety titrough design changes or operating

proc dure chauges. T1e. WA should generally be a cobinod

ff r r ofp he Safety Olpartwnit, operation procedures

1.306

.~ . . ...



preparer, and Ordnance Department and Quality Assurance.

Particular emphasis should be placed on analysis of

interfaces between different equipments and between people

and equipment during all stages of design since most

hazards often are caused by an improper interface.

Prior to start-up of full production, arrangements

must be made for a safety inspection conducted by independent

safety observers (e.g. NAPEC and the Naval Sea Systems Sup-

port Offices or the station Safety Department). Upon satis-

factory completion of this inspection, the full production

start-up is approved.

During line operations, updates of the OHA are required

whenever any changes are to be made to the production process.

An example of a System Safety Program responsibilities

can be seen in the next slide (Slide 7). It should be noted

that risk decisions are required after each hazard analysis.

Most routine risk dvcisioas are made as the result of agree-

ment between the hazard analyst and the designer. However,

where the risk decision requires the expenditure of consider-

able funds the use of a risk panel comprised of representa-

tives from the Ordnance Department, Safety Department, and

all others involved may be in order.

The control of the hazards identified by the analysis

must be controlled in accordance with the following order of

precedence:
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* Design for minimum hazard.

* Use Safety Devices - hazards which cannot be

eliminated through design selection will be

reduced to an acceptable level through the use

of appropriate safety devices.

* Warning devices - where it is impossible to

eliminate a hazard, warning devices will be

employed to provide timely detection of the

hazardous condition and will generate an ade-

quate warning signal. Warning signals will

be designed to prevent incorrect personnel

reaction to the signals and will be standard-

ized throughout the production activity.

* Special Procedures - where it is not possible

to reduce the hazard through design or the use

of safety and warning devices, special procedures

will be developed. Precautionary notations and

signs will be standardized throughout the pro-

duction activity.

It is the hope of NAVSfLASYSCMI that by .Acquiring more

information through the use of System Safety techniques,

more effective safety risk decisions will be made. This

information can be used to bring our production, disposal,

and rework operations into the area of acceptable levels
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of risk. This will not eliminate all hazards or accidents,

but it is felt that the use of system safety techniques is

a step in the right direction.
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Safety and Hazards Analysis

of the

Automated Production System

for

155MM and 8" Propelling Charges

K. K. Arora

General American Transportation Corporation

Niles, Illinois

J. S. Chiappa
Picatinny Arsenal

Dover, New Jersey

ABSIRACT

This paper presents a quantitative hazards analysis of the concept design
of the Automated Production System for 15$ mm and 8" Propelling Charges. The
system is being designed and developed by General American Research Division
of General American Transportation under a contract with Picatinny Arsenal,
Dover, few Jersey. The Automated Productioui System will be installed at
Indiana Arny Ammunition Plant, Charlestown, Indiana.

A preliminary hazards analysis was performed to identify inherent safety
hazards in equipment operation, design, or operating procedures which endanger
life, property, or the environment. This was accomplished as part of Phase I
of the program. In Phase I, an engineering analysis was conducted to deter-
mir:,, the in-process potentials associated with the various forces and/or
stimuli that can give rise to hazards sucn as fire or explosion. Based on
the estimated in-process potential and sensitivity initiation data for 141
propellant, the safety margins were evaluated.

Results presented in this paper refer to the conceptual design phase of
the Automated Production System for 155 mm and 8" Propelling Charges.

Precedng meblank13



I. INTRODUCTION

The introduction of an automated production system to assemble
155 mm and b inch propelling charges is a further step in the overall
ammunitions facilities modernization program. In order to ensure that
the design of the system is acceptably safe from both personnel and
facility standpoint, a safety and hazard analysis study must be con-
ducted.

A safety and hazards analysis provides quantitative data for making
decisions to optimize the process, production rates, production quality,
and costs by showing the quantitative relationship and balance between
factors of safety, production rates, production quality and costs. In
addition, it identifies specific potential or existing hazards of the
system and presents alternative design modifications for the elimina-
tion and/or control of these hazards. It is essentially an accident
investigation before the accident happens. Generally, this involves a
determination of:

1) The degree of the hazard

2) Whether the precautions to prevent initiation or
explosion are sufficient

3) Whether the protection of personnel and facilities is
adequate in the event of initiation or explosion.

These considerations must be balanced against the original justifi-
cation for introducing the material or process, whether for reasons of
economy, quality, or performance.

The complete safety and hazard analysis study for the designed
process was accomplished in the following two phases:

Phase I - In this phase, an analytical engineering study was per-
formed to properly define the system and the boundaries of investigation.
The preliminary hazards analysis and faults hazard analysis were per-
formed to identify inherent safety hazards and/or failure modes in equip-
ment operation and design. A logic model of the entire process line was
developed.

Phase II - This phase consisted of conducting an engineering analysis
and hazard evaluation to determine how the in-process material, MI pro-
pellant and equipment will react to the modes of failure and environ-
mental conditions established in the previous phase and establishing the
quantitative safety margins associated with the various process equipments
that can cause plant shutdown, through mechanical or electrical failures,
fires or explosions.
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2. SYSTEM DESCRIPTION

The Automated Production System for 155 mm and 8" Propelling Charges
is an improved process to load, assemble, and pack-out the five (or three)
increments required for the 144A2 and M3A propelling charges for the 155
mm howitzer, and M2 and MI propelling charges for the 8 inch howitzer. The
process differs from the present manufacturing system in the sense that
it provides:

o Reduced line personnel

o Reduced line personnel exposure to explosive hazards

o Reduced direct and indirect labor cost

o Higher efficiency in building space utilization

o Increased ability for product quality control

o Increased product uniformity

o Commonality of equipment for variant charge assemblies.

The system provides capability for production of an "end-of-line"
average rate of 20 assemblies per minute. The system consists of the
following four sub-systems:

1) Loading Booth Sub-system

2) Hall Conveyor Sub-system

5) Charge Assembly Sub-system

4) Charge Packing Sub-system.

These sub-systems are described in brief in the following paragraphs.

Loading Booth Sub-system

The operations to be performed at this sub-system are bag filling,
sewing, weighing, and inspection. The layout of the sub-system is shown
in Figure 1.

Operator #1 will take an empty bag from the bag supply box and place
it on the platform of scale #1. The bag will be weighed and upont comple-
tion of the weighing, the bag will be alternately swept by an arm into
the pick-up tray for operator #2 or #3. Each operator will place a bag
on a loading device pertaining to his particular station of the carousel.
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Figure I. LOADING BOOTH StM-SYSTEAt LAYOUT1
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Each station will be color-coded, using a two-color code to designate the
station each operator will load with a bag. Mounted on the carousel will
be fourteen loading stations. After the placing of a bag by either operator
on the loading device of one of their designated stations, the bags will
proceed through the filling and sewing operations and will be discharged
on a conveyor which carries each filled and sewn bag and places it on
scale #2 where the total weight is determined. The previous weight will
then be subtracted from the total weight to determine the propellant weight.
If the propellant weight is acceptable, the gate, normally in the reject mode,
will be rotated to allow the filled bag to travel on to the transfer conveyor.

If the propellant weight is unacceptable, the gate will remain in the
reject mode and divert the bag into the reject box. The acceptable bag will
be conveyed to operator #4 where it will be visually inspected for sewing
defects and tears. If acceptable, the bag will be placed on the hall conveyor
leading to the assembly room. If the bag is rejected during this visual
inspection, it will be placed by operator #4 into the reject box.

Hall Conveyor Sub-system

The configuration of hall conveyors for the total system employing
five operating booths and a spare capable of supplying any increment in
the event of single booth failure is shown in Figure 2. All increments
with exception of base cnarges maintain vertical orientation. The hall
conveyor sub-system transports increments from loading rooms to the charge
assembly room. Each of the supply lines consist of three cenveyor sections:
a right-angle turn out of the booti, a straight section parallel and adjacent
to first section and a third section. The third section also consists of a
right-angle turn into the assembly area. The sections are individually
driven by a solid state direct current fractional motor drive, electrically
linked for simultaneous speed regulation. For considerations of the overall
system control, the conveyor system is considered an extension of the loading
booth and will vary in speed proportionately to increent output.

Charge Assenbly.Sub-system

The operating characteristics and the overall layout of the Charge
Assembly Machine are presented in Figures 3 and 4, respectively. The
two figures can be compared to see the physical position of components as
they relate to a specific function.

Charge Packaging Sub-sytera

The Charge Packaging Area consists of all machinery between the output
of the assembly area and the remoAl conveyor for the completed canisters.
A plan view of the pockaging area is presented in Figure 5. This area of
the automated production system differs from the rest of the equipment in
that it is coaiprised substantially of conmrcially available machinery.
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3. SAFETY AND HAZARD ANALYSES

The safety and hazard analyses were performed to identify hazardous
conditions and determine any needed corrective actions. These analyses
are qualitative in nature and provide a technical assessment of the
relative safety of the automated production process design. The descrip-
tions of these analyses are presented in the following subsections.

Preliminary Hazard Analyses (PHA)

This analysis was performed as the initial investigation to identify
inherent safety hazards in the design approach used in developing the
Automated Production System for 155 nin and 8" Propelling Charges. The
outcome of this analysis provided back-up data for subsequent analyses
and established safeguards and design considerations to eliminate and/or
cont,'ol hazards. For purposes of this analysis, the automated production
system was divided into four sub-systems as listed earlier in Section 2.

A sample worksheet used in conducting this analysis is presented in
Figure 6. The format provides space for recording gross information
concerning the hazards at sub-system/system level, the effects of these
hazards, and finally, the safeguards and design considerations required
to remedy the situation. The following descriptions are indicative of
the information required for each category in the format:

a) End Item - Identifies a finished in-process item within the

sub-system under study.

b) Causative Hazard - Identifies the condition which has the
capai ity of producing a hazard.

c) Resultant - The potential accident which could result from
the hazard.

d) Class - Qualitative measure of hazards stated in relative
terms.

For purposes of this study, the following hazard levels were
established:

Hazard Class I - Negligible - Conditions such that personnel
error, environment, design characteristics, procedural defi-
ciencies, or operational failure does not result in personnel
injury or system damage. These operations are considered in-
herently safe or have identifiable hazards that are readily
eliminated through design and operator training.

Hazard Class II - Marginal - Conditions such that personnel error,
environment, design characteristics, procedural deficiencies

1 2 2
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or operational failure can be counteracted or controlled
without injury to personnel or major system damage. These
are operations where hazards can be eliminated or controlled
to an acceptable limit to not seriously injure personnei or
cause major system damage.

Hazard Class III - thitical - Conditions such thdt personnel
errors environment, design characteristics, procedural defi-
ciencies, or operational failure will cause personnel injury
or major system damage, or will require immediate corrective
action for personnel or system survival. These opurations
present hazards that cannot be eliminated, but can be re-
duced by rigid control of procedures, operator training in
safety and redundant controls or interlocks. Resultant inci-
dents may cause severe personnel injury or major system damage.

Hazard Class IV - Catastrophic - Conditions such that personnel
error, environment, design characteristics, procedural defi-
ciencies, or operational failure will cause death or severe
injury to personnel, or system loss.

e) Safeguards and Design Considerations - This category is re-
served for listing those safeguards and design considerations
necessary to eliminate or control identified hazardous conditions,

f) Remarks - This categnry is reserved for making general comments
wTh regard to the control and/or elimination of the hazardous
condition.

The results of this analysis were amplified in the fault hazard analysis

'which followed. This analysis is described next.

Fault Hazard Analysis

Based on the information obtained from preliminary hazard analysis
a fault hazard analysis was performed. Some of the worksheets used in
conducting this analysis are presented here. The format provides space
for recqrding particular information concerning the Identity of hazards,
their cause, the effects of tnese hazards on the system, and finally,
the corrective measures required to remedy the situation. The following
descriptions are indicative of the information required for each category
in the format:

a) Function - The particular sub-operation being analyzed.

b) Mode - identifies the system phases which are applicable.

c) Hazardous Element - identifies the elements, in the hardware of

the function being analyzed, which are inherently hazardous.

d) Hazardous Condition - the condition which has the capability

Uf inA a ac ent.
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e) Triggering Event - that element which could initiate (trigger)
the hazardous condition into becoming a potential accident.

f) Potential Failure - the potential failure (accident) which
could result from the hazardous conditions.

g) Effect - the possible result of the potential accident.

h) Hazard Classification - this category provides a qualitative
measure of the hazards effect and is categorized as listed in

the previous section.

i) Corrective Action - this category is reserved for listing
those control measures necessary to eliminate or control the
identified hazardous condition.

This analysis provided a source of data for corrective action (pro-
cedure or hardware changes).

4. ENGINEERING ANALYSIS AND HAZARD EVALUATION

Analysis Approach

In order to assess the hpzards that are associated with the automated
production process, a qua,,Litative hazards evaluation involving engineer-
ing analysis was performed utilizing sensitivity data.

The potential hazards and the initiation modes that could give rise
to a hazard were compiled for the complete process from bag loading to the
final pack-out of the assembled charges. For the purposes of this analysis,
the plant was divided into its operating areas, namely: Loading Booth Area,
Hallway Conveyor Area, Charge Assembly Machine Area, and the Charge Pack-
ing Area. In performing the engineering analysis and hazard evaluation,
the major task was to calculate the process energy generated by friction,
pinching, crushing, impact, and electrostatic discharge. 'The calculations
to determine the in-process potentials are based on establishing thresholds
that would be generated if the worst possible conditions exist during a
particular process. For example, a hopper containing electrostatically
charged material is unsafe only if the grounding and bonding system for
the hopper fails. Thus, calculations to determine the electrostatic
energy buildup will pertain to this worst condition) i.e., an ungrounded
hopper system. The computed in-process potentials for the potential
hazards in the process were compared with the threshold initiation level
(TIL) for the process material, MI propellant, to give the safety margin
for the process. In the cases where the in-protess potential exceeds
the threshold initiation level such that the safety margin is less than
1, rigid conclusions regarding the unreliability of the process can be
drawn, (only when the initiation mode is realized in the system failure).

Safety Margin Summary

Partial results of the engineering analysis and hazard evaluation study
for the automated production process plant are presented in table I through
4. For each operating area in the plant, the columns in the Tables shown
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represent the following items:

Potential Hazards

Initiation Modes

In-Process Potentials

Threshold Initiation Levels (TIL)

Conclusions.-
--- 'Hazards
• Safety Margin

Engineering Calculations

The in-proces, potentials were calculated for each process and/or
item of equipment and consisted of determining the forces arising from
pinch forces, impact loading, the heat release due to friction, and elec-
trostatic charge buildup.

The in-process potential has been evaluated on the basis of available
sensitivity data. These data are based on the standard test methods as
outlined in TM 9-1300-214, and include such tests as impact, friction
pendulum, and electrostatic discharge tests. In addition to these standard
tests, additional sensitivity tcst data are available as a result of special
testing on previously analyzed systems to more closely duplicate special in-
process operations and/or hazards. When such data are available, i.e., data
which more closely simulates the actual in-process operation, these data
have been used.

5. CONCLUSION

The safety and hazard analysis of the automated production system for
155 mm and 8" propelling charges consisted of (1) data acquisition dnd
(2) analytical phase. The analytical phase of the program consisted of
conducting engineering studies to identify inherent safety hazards and
establish safety margins.

The results indicate that the hazards which may occur in the automated
production process can be broadly classified as: () Fire, (2) Explosion.
The category of "fire" could be further classified as: (a) fire due to In-
process material, and (b) fire due to spilled propellant. The spilled pro-
pellant by itself is not hazardous unless accompanied by an ignition source
and a means of propagation. The two major hazard potentials throughout
the plant as indicated by the various hazards analysis that were performed,
are associated with the possibility of electrostatic discharge and heating
of trapped propellant grains/dust in moving parts, cracks, cavities, etc. of
the machine system.
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Friction and impact potentials were in general found to be lower
than electrostatic hazards, except in the case of the sewing operation
in the loading booth area. The continuous operation of the sewing
machine at the rate of 5000 stitches per minute can cause excessive
heating of the needle/looper mechanism. In order to eliminate and/or
control this potential hazard it is recommended that a cooling device
be provided to control the heating. Other hazard-prone areas in the
automated production system process are listed below.

Conveyor System - The design of the plate conveyor system used in
the loading booth and hallways has many potential pinch and friction
points. Loose propellant can become lodged in these areas and possi-
bly ignited unless certain precautions are taken (e.g., shields, de-
flectors). Very little information is available regarding the elec-
trostatic charge build-up due to the plastic plates rubbing against
the metal wear strips. Additional information is required regarding
this hazard. Many areas exist for accumulation of dust and granules
of propellant. Grease and/or oil on the chain and drive mechanism
should be held to a minimum as they tend to attract and retain any
dust or loose granules. On the curved sections of the conveyors
the plates may pinch or snag the increments. Again, operational testing is
required to evaluate this hazard.

Funnel System - A potential hazard exists in the loading booth if
the propeiant flow through the funnel is either choked or is excessively
restricted. In either case, the propellant will spill and could lead to
a hazardous condition. It is understood however that a test program is
in progress to evaluate this potential and to incorporate design changes
as required. In addition, the funnel extension offers potential hazards.
Granules of simulated propellant were observed to adhere and stick in the folds
of the extension. These granules subsequently lossen and fall to the floor.
Further, the continuous operation of the funnel extension may introduce
fatigue openings in the extension and resulting spillage. Operational testing
will be required to evalute this hazard, although periodic inspection may
suffice.

Air Cylinders - The air cylinders used throughout the system have
an inherently low reliability. This is offset however by their non-
electricol operation (and therefore safer from an ignition source
potential) and the incorporation of a fail safe mode, i.e., if failure occurs
the valve or mechanism is in a safe operating position. The low reliability
can be overcome by periodic inspection. Therefore for these and other cri-
tical components, periodic inspection is considered essential for a safe
operation.

Shuttle Mec. anj§M - The shuttle meahanism used in the assembly area
has not been final ized and therefore introduces many unknowns with re-
gard to the reliability of the operation. The shuttle assembly must be
brought up to the speed of the moving fixture in a short distance and the
increment precisely released. Interference and resulting spillage can
occur in this operation. However, because of the unique nature of this
design, operational testing will be required to evaluate these hazards.
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Clam Shells - Ejection of the increments in both the bag loading
and assembly areas depend on the operation of a clam-shell type fixture.
The doors rotate to open and at the same time push the increment from
the rear. For the bean-bag type configuration of the increments this
method may not provide for positive ejection. If the increment is not
ejected, subsequent closure of ths shells may ignite or tip the bag. As
with many of the other items in the design, operational testing will be
required to evaluate this hazard.

In general, propellant spills are not considered a major hazard
with these particular propellants for the following reasons:

1. In addition to a spill, an ignition source must be available
at that point.

2. In order for the fire to spread, a path of propellant must
be available to propagate the flame.

3. Preliminary tests indicate that unconfined propellant will
not explode.

4. Periodically the machines and areas are washed down to remove
spilled propellant and powder dust.

In order to reduce the electrostatic discharge initiation hazards
of in-process material to very low levels the following actions are re-
commended:
I. Ensure positive grounding and bonding between all equipment and
items in the individual rooms, between the rooms, and between the
hallway and rooms.
2. At least once a week on a regular basis all equipments shall be
checked for adequacy of grou.,ding and bonding. Resistance values
shall conform to the requirements of AMCR 385-101), Section 7-4.
3. Provide hiridity control in all rooms and areas where in-process
propellant is present. As indicated in AMCR 385-100, Section 7-8,
humidification for preventing static electricity accumulations and sub-
sequent discharges is usually effective if the relative humidity is
above 60 percent.
4. Static detectors should be used in the plant to measure and monitor
electrostatic charge. These include electrometer amplifiers, electro-
static voltmeters, neon lamps, etc.
5. In order to prevent dust formation, an effective dust monitor and
dust collecting system, employing a wet type collector should be used.
Explosive dust should be removed periodically from the collector cham-
ber to eliminate unnecessary and hazardous concentrations of propellant
dust. The dust collector system itself should be periodically washed.

The high deluge system should serve to both extinguish the fire
and render inert the propellant that is not yet engulfed in flame.
The deluge system should not only be capable of extinguishing fires
in each of the operating rooms in the plant, but should also prevent
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the progapation of fire or explosion between rooms. The overall
response time (from sensor functioning to delivery of water to material)
of the deluge system is of paramount importance since, with a reduction
in overall response time there is the opportunity to effect extinguish-
ment and significantly reduce the damage within a plant. In order to
design the fastest feasible arrangement of the high deluge system, it
might be necessary to make a mock-up of the equipment and run tests
to determine the most effective location, discharge pattern and piping
arrangement.

All electrical motors and control equipment to be used in the plant
shall be Class I, Group C and D, and Class II, Group E, F, and C in
accordance with the requirements of the National Electrical Code,
1972-73, of the National Fire Protection Association, Chapter 5, Article
500 - Hazardous Locations. In areas where electrical installations may
create an undue hazard, it may be necessary to exceed the requirements
of the code.

The task of acquiring the sensitivity data for Ml propellant in-
volved collecting the information concerning initiation sensitivity,
explosibility characteristics, critical height to explosions, and propaga-
tion characteristics of Ml propellant. This was accomplished by re-
viewing the work done by GARD and other appropriate sources in the
past. No data was found with regard to the propagation characteristics
of Ml propellant on configurations that simulate assembly plant
environments. The preliminary tests conducted by another firm under a
different program showed that in a container filled with increments, fire
progagation was from one increment to another as opposed to the entire
contents bursting into flame. In another test run with a hopper full
of Ml propellant, the ignited propellant spewed fire vertically with
little effect on the container itself and only scorched a newspaper
lying nearby. More detailed testing is required to backup these state-
ments with a high degree of confidence. The separation distance be-
tween cannisters is an unknown and requires additional experimentation
and analysis.

The hazard evaluation study has shown that the in-process energy
levels are not of sufficient magnitude for initiating Ml propellant
dust layers or granules during manually performed/mechanical equipment
operations. Adequate margins of safety are present for impact, friction,
electrostatic discharge, impingement, and metal sparking attributable
to humans, the equipment or the propellant itself. This statement is
based on the fact that the sensitivity data acquired from the various
sources is correct and reliable.

Calculated in-process potentials for the various mechanical type
operations have been computed on the basis of the severest combina-
tions of operating conditions. For example, the pressure on propellant
in gear meshing operations is assumed to be the maximum contact stress
and the maximum sliding velocity between the mating teeth. In the
real situation, the propellant on the teeth would tend to distribute
the )oad more uniformly (thereby reducing the peak pressure) while the
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maximum sliding velocity would only occur at one particular time during
tooth contact. Therefore, the computed safety factors are considered
conservative.

Humidity plays an important role in electric charge build-up on the
surface of nonconducting solid materials. It increases the conductivity
of the solids. Information relating to the variation of the conductivity
of Ml propellant granules with changes in humidity levels was not avail-
able. Bulk conductivity and dielectric constant evaluations should be
conducted on samples of in-process material to characterize its elec-
trical charging and bleed-off abilities.

At the time the present study was performed, the design of the
Automated Production System for 155 rmn and 8" Propelling Charges was
at the concept stage. The study will be updated during the
prototype debugging, final design and final debugging phases of the
design program.
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AN ANALYTICAL MODEL TO PREDICT EXPLOSION PROPAGATION

by

James M. Dobbie and Donald S. Allan

Arthur D. Little, Inc.
Cambridge, Massachusetts 02140

ABSTRACT

This paper describes an analytical model for predicting the

spacing required between adjoining explosive projectiles to obtain a

high probability that a detonation will not propagate from one to another.

It also describes experiments that were conducted to obtain data for

comparing with the analytical model. The model was constructed by Arthur

D. Little, Inc., under the direction of the Manufacturing Directorate,

Picatinny Arsenal.

The general procedure is as follows: from fragmentation data and

empirical equations obtained from such tests estimate the mass and spatial

distributions of fragments relative to the donor. Also, estimate the

initial velocities of the fragments issuing in various polar zones. Use

geometrical relationships and drag laws, if the spacings are large, to

eatimate the distribution of mass and striking velocity of fragments on

various zones of the receptor. Next, use sensitivity data and empirical

equations obtained from suuh tests to determine the effects of fragment

impacts, in particular, the probability of high-order detonation. Finally,

use simple probability arguments to compute the probability that %he

receptor will receive at least one high-order impact, thereby obtaining the

probability of propagation as a function of the spacing. Then solve the

set of equations, by iteration if necessary, to obtain the spacing required
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for a given probability of propagation.

The purpose of this presentation is to describe the model,

summarize the results of the experiments that were made to develop and

test the model, and to indicate analytical and experimental work that

is needed to improve the model.

1. The Propagation Model

1.1 Background

The spacing necessary to prevent the propagation of an explosion

between two or more adjoining projectiles is of prime concern in the

design and layout of ammunition plants. Knowledge of the required spacing

may s aid in achieving improved safety both in the storage and field

use of projectiles.

The usual method of determining "safe" separation distances between

explosive items is to conduct propagation tests at selected spacings, using

sufficient receptors to obtain a small confidence interval for the con-

fidence level of interest. This method is slow and expensive. Also, it

yields little insight into the propagation process and the factors that

are critical.

Recently Arthur D. Little, Inc., under a contract with Picatinny

Arsenal, undertook the development of an analytical model with which to

predict the probability of detonation for a given spacing and orientation

of the donor and receptor. and to estimate the spacing required to obtain

a given probability of propagation. Such a model can be used not only

for determining safe separation distances of current projectiles. but also

for estimating the effects of shields and deflectors, and the effects of

changes in case thickness, charge composition, charge-to-metal weight

ratio, etc.

The type of detonation of primary interest is a high-order deton-

ation, similar to that produced by the firing oi a fuze. If detonation
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of this type is initiated at one or more positions along the lateral

surface of the receptor, it is expected that the detonation wave will
propagate throughout the charge and the receptor will detonate high-order.
This type of detonation might be called domino detonation, since fragments

from the receptor could detonate a third projectile at the same spacing.

Low order detonations, while not negligible, are of secondary interest.

The basis for the model is the knowledge that propagation of a

detonation between explosive projectiles of interest is caused by primary

fragment impact. The sensitivity of the acceptor projectile to detona-

tion is determined by the presented area of the fragment$ its velocity
at impact, the angle at which it impacts, the casing thickness, and the

explosive loading of the acceptor. Some sensitivity data and empirical

relationships are given by Slade and Dewey ( I ) . The sensitivity results

and analyses that have been performed by Picatinny Arsenal (2) and by

Arthur D. Little, Inc. (3) for both the Arsenal and the Department of
(4)Defense Explosives Safety Board provide a reasonable basis for the

development of an analytical model.

1.2 Fragment Properties and Distributions

Data have been obtained on the properties of fragments that are
produced in the detonation of projectiles. These properties include

initial velocities and various measures of fragment size. Measurements

have been made of the distribution of fragment mass, the spatial distri-

bution of ejected metal, and the variation of mass distribution with the

polar angle measured from the nose of the projectile. easuremeuts have

been made of the initial velocity of fragments and the variation of

velocity with polar angle. The results of these measurements have been

used to obtain varioua empirical equations from which the fragment prop-

erties can be estimated from the dimensions of the projectile, the composi-

tion of the charge, and the composition of the case. References (5). (6).

and (7) contain equations of this type and discussions of other properties

for which epirical equations have not yet been developed.
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From scaled drawings of the donor estimate the average outside

diameter and case thickness over the middle third of the pTojectile.

From these quantities and the densities of the charge and metal compute

the corresponding charge-to-metal ratio, the initial velocity V , and the

average mass m of fragments from well-known equations. The one-third

rule has been observed to yield accurate estimates of V0 for the central

10 degree polar zone. Accurate estimates of m for the central zone
0

required a cLangs in a parameter K 0from the value that applied to all

fragments to a smaller value.

In general, the maximum initial velocity is obtained in the central

polar zone. The variation of the initial velocity with polar angle de-

pends on the projectile. Let the initial velocity at polar angle * be

V F v(). The values of Fv () for a typical nose-fuzed projectile are

approximately as follows:

(degrees): 60 70 80 90 100 110 120

Fv(: 0.6 0.7 0.9 1.0 0.7 0.6 0.5

The distribution of fragments with polar angle also depends on

the projectile. For a typical nose-fusel projectile the fraction NO)

of the fragment mass that is ejected in a polar zone of 10 degrees centered

at polar angle # varies as follows:

(degraes); 60 70 80 90 100 110 120

0.05 0.10 0.10 0.15 0.45 0.05 0.05

The accuracy needad for the FV (4) and FH(#) factors depends on the

particular application of the model. The spacing required for a small

probability of a high-order detonation of a receptor is large enough

that the fraguents that can strike the receptor are limited to those that

issue from the donor In a small polar zone. Hence, only the factors that

apply to that zone are needed. For example, vhen the receptor and donor
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are parallel, as in Load-Assembly-Pack operations, only the factors for

the 10 degree zone centered at 0-90 degrees are needed. On the other

hand, spacings that yield propagation probabilities near 50 percent are

small enough that several 10 degree polar zones axe involved.

We also need the distribution of fragment sizes in the relevant

polar zone. Here we used an empirical distribution function that has

been found to yield a fair fit to the observed ditribution of all frag-

ments. The fit is good for small and medium sizes, but not for large

sizes. The critical fragment size for explosive propagation is in the

region where the fit is good when the spacing is small. For small

probabilities of propagation the spacings may be large enough for some

projectiles that the assumed distribution function is not adequate.

When work on the model is rest-o.d we expect to re-examine this question

in an attempt to obtain a more appropriate distribution function, one

that applies to fragments in the relevant polar zones and to all critical

sizes.

At large spacings the striking velocity may be significantly less

than the initial velocity. We estimated striking velocities from the

square drag law, using i shape factor for random steel fragents. The

dra3 factor dependz on the fragment masa, as well as the spacing.

1.3Senit ivity Pro er ties

The sensitivity equation gives an estimate of the str.k .g

velocity that is required for high-order detonation of the receptor. This

critical striking velocity depends on the mensitiviLy of the charge, the

thickness of the casing, the site of the fraent, and the impact angle

0 to the normal.

Most of the available data consist of the critical (50 porcent)

detonation velocities obtained iu sensitivity tests with cylindrical

fragments of known size, orientation, and impact angle. Slade an Dewey

give results and empirical equations for tetryl and Coapostion B vth
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bare charges and with charges covered by plates.

Most of the data for cylindrical fragments were obtained at zero

impact angle, with the circular face parallel to the surface of the charge

or plate. To use the corresponding sensitivity equations it is necessary

to change from cylindrical fragments to irregularly-shaped fragments and

from zero impact angle to the variations of impact angle that occur on

the receptor.

The results reported in reference (1) and in some classified

reports indicate that the critical measure of fragment size for cylindri-

cal fragments in the orientation described above is the area of the

striking face. We used the shape factor for irregularly-shaped fragments

to make the conversion from average presented area to the mass m. Since

an irregularly-shaped fragment of given presented area will not be as

effective in producing detonation as a cylindrical fragment of the same

presented area, we introduced a factor F A to account for this difference.

This factor is the fraction of the presented area of the irregularly-

shaped fragment that is as effective in producing detonations as a cylin-

drical fragment having a circular face equal to that area The value of

FA is not known; it probably lies in the interval (0.5 1.0).

When the transformation described above has been made the sen-

sitivity equation gives the strikiag velocity V required at normal Impact

n terms of the mass m, for a given explosive composition and case

thickass. It also may be regarded as an equation that determines the

critical maas as a function of striking velocity. If the drag is sig-

nificant, the relationship is complicated, since the drag fcctor also

deeunds on the ma"*.

In practice it vas found that the drag factor could be handled

by iteration, starting with the assumption that the drag is negligible.

After the oritical mass &d corresponatig spacing are comuted, the drag

factor can be estimated and ne values computed for the critical fass
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and spacing, etc. It was found that only a few iterations are needed

to obtain the spacing to within one percent.

The sensitivity equation was solved for the critical mass m in

terms of the striking velocity V, which is determined from the initial

velocity V in the central zone, the FV(0) factor in the relevant
0

direction, and the drag factor. The mass distribution function and geo-

metric relationships then were used to estimate the number of fragments

with more than critical mass that would strike the receptor.

1.4 Effect of Non-Normal Impact

Since most fragments will not strike at normal impact, the com-

puted number of supercritical fragments for normal impact is multiplied

by an impact factor FI" Its value depends on how the effective component

of striking velocity varies with the impact angle. The value of FI is

not known accurately and probably depends cn the charge composition.

For composition B it is estimated to be in the interval (0.2, 0.4), as

described below.

Ptlatively few sensitivity tests have b-e; made at impact angles

different from zero. Results of some tests at small angles from the

normal are reported in reference (1) for tetryl and composition B. We

used these results to get a rough estimate of the effect of uon-uormal

impact.

Va assumed that the effective velocity at impact angle 0 is

V(cOs )J, where V is the striking velocity. Figures 8 and 9 of reference

(1) indicate that j is et least 2 for O<30 degrees. For bare Coop B

there is an annmalous value at 0-8 degrees, while the critical velocity

at Bo20 degrees is approximately 1.45 times the critical velocity at

0-0, which corresponds to a value of j of approximately 6. For convenience.

we used J,-2 and ju5 -as liitii values.

We replaced V in the sensitivity equation by V(cos $) j , computed
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the corresponding critical mass m(O) and the fraction f(O) of the fragments

that are supercritical. From geometric relationships we determined the

range of e and computed the average f of f(8). The factor FI is the

ratio f/fi(0) of the average to the value at impact angle 0-0. For

typical projectiles the value of F was found to be approximately 0.4

for J-2 and 0.2 for J-5.

1.5 Probability of Detonation For a Given Spacing

We assume that the donor and receptor are parallel with center-

to-center spacing S, the bases of the projectiles are in the same plane,

and no shielding is between them. The probability P that the receptor

will detonate (high-order) was computed from the following steps:

(a) On a scaled drawing with the donor and receptor spaced S

inches center-to-center lay off the dividing rays for polar zones of 10

degrees. Determine the polar zones in which fragments from the donor can

strike the receptor. For each zone estimate the average outside diameter

aad ca3e thickness and the fraction of the zone over which the vulnerable

section of the receptor extends.

(0) For each zone estimate the striking velocity from V ando

the F (#) factors; then compute the corresponding critical mass for

normal ,m4a t.

(c) Estimate the fraction of the striking fragments in each

tone thst have iufficieut aaso to produce detonation of the receptor

chorge. This quantity Is the product of two factors. The first factor

Is the fraction of fragments that have mass exceeding the critical mass

for aormal impact. Ile second factor is the iapact-angle factor

(d) Estimate the totul number of fragments in each zone, Use

geosetric probability to estimate he fraction of these fragments that

strike the receptor.
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(e) Combine the results from (c) and (d) to obtain the ex-

pected number of fragments that strike the receptor and have sufficient

mass and velocity to detonate the receptor.

(f) Compute the probability that the receptor receives at least

one supercritical hit. This is the probability P that explosive propa-

gation will occur when the donur detonates at spacing S from the receptor.

1.6 Computation of the Required Spacing

The spacing S for a given probability P is obtained by solving

* the equations described in Section 1.5 for S when P is given. The

solution is difficult to obtain directly. Iterative procedures have been

developed for two important cases, while trial values and interpolation

can be used in all cases. The procedures are described below.

a. Procedure for Large Spacings

This procedure is based on the assumption that S is large enough

that all fragments that can strike the receptor are in the central 10

degree zone. The assumption is valid for all the projectiles involved

when P is small and is valid for projectiles largei' than 155 mm when

P=0.5.

At the large spacings for which the assumption is valid the air

drag on the fragments decreases the striking velocicy significantly.

Except for this fact the relevant equations can be solved analytically

for S in terms of P. Hence, S can be computed by an iteration that starts

with the estimate S1 obtained by ignoring the drag. Then S1 can be used

to estimate the drag for tlq, second estimate, which usually is accurate

to the nearest inch, Another iteration yields a very accurate estimate

of '.

b. Procedure for Small Spacings

This procedure is based on the assumption that the receptor is

close enough to the donor to pubtend the entire polar zone over which
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supercritical fragments may issue, except for the base and nose frag-

ments. Then the drag can be ignored and the spacing S can be computed

by another iterative procedure. This procedure starts with an estimate

S that is obtained by using the average case thickness and outside

diameter over the entire vulnerable section of the receptor for all polar
zones. With the initial value S estimates are made of the average case

1
thickness and outside diameter for each zone, which yields a more accu-

rate value S2. Iteration is continued until a stable value is obtained.

c. Procedure for Intermediate Spacings

If neither of the above assumptions is found to be valid, the

spacing S can be found by using trial values and linear interpolation

until a value of S is obtained that yields the probability P by the

method described in Section 1.5 above.

2. Description of Experimental Tests

2.1 General

Two types of tests were performed; the first being the primary

tests to establish projectile separation distances over which an explo-

sion would propagate 50 percent of the time, and tie second being tests

to obtain information on the fragmentation characteristics of the three

projectile designs employed in the explosive propagation experiments.

All of the experimental' work was conducted by the Space Rosearch Corpor-

ation (SRC), North Troy, Vermont under the supeovision of ADL personnel.

2.2 Explosiv_ Propagation Terns

Three aeries of tests were conducted to obtain data on the spacing

which would result in a 50 percent probability of propagation of an

axplosic. between the donor and receptor projeatiles. Each series of

tests was devoted to a different projectile design. That is, three

different projectiles were employed; 81 t=, 105 and 175 mm, all

Comp B loaded.
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The test arrangement was essentially the same for each series

of tests. Three projectiles were used in each test; one, the donor, was

placed between two receptors. They were placed side by side so that

their longitudinal axes were parallel to the ground and their bases

located all in the same plane. The projectiles were held at the same

height above the ground by inidividual wooden supports. The spacing

between the donor and each receptor was the same in each test but was

varied from test to test according to a specific test design.

A number of possible test designs described in reference (9)

were carefully reviewed and a modification of the Kesten design, which is

a variation of the Robbins-Monro design, was selected. In the Kesten

design the spacing between projectiles is changed in the appropriate

direction by a fixed amount until a straddle is obtained. The amount

by which the spacing is changed is reduced each time a straddle is

obtained, thereby generating a sequence of spacings converging to the

50 percent spacing.

We modified the Kesten design in two ways. First, we adjusted

the procedure to account for the fact that two receptors are used in

each trial, rather than the one receptor assumed in the Kesten design.

Second, we changed the assumption of a normal distribution for the initial

estimate of 5, on which the Keaten design is based, to the more reasonable

assumption that this estimate is lognormally distributed. We believe

that the modified design is significantly better than the Kesten design,

particularly in tests for which the initial estimate may contain a large

error+

An initial estimate of the 50 percent spacing is used on the

fitst trial. The spacing on a subsequent trial depends on the outcomes

on the preceding trials. If no detonation is obtained on a trial, the

spacing on the next trial is reduced by a fraction of the previous spacinp.

If two detonations are obtained, the spacing on the next trial is increased

by a f'actioal amount. If one detonation is obtained, no change is made

in the spacing.
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The fraction that is used to change the spacing initially depends

on a measure of the errors that are likely to occur in the initial esti-

mate of the .50 percent spacing. This fractional change is used until a

straddle or a match is obtained. A match is defined to be the outcome

on a single trial in which one receptor detonates and the other receptor

does not. A straddle is defined to be the outcome on two consecutive

trials in which opposite results are obtained, that Is, two detonations

followed by no detonations, or conversely. At the first occurrence of

a match or straddle, the fractional change is reduced to half the initial

fraction; at the second occurrence it is reduced to one-third; etc.

In the conduct of the tests the detonation of the receptors was

established by observing their condition after Lhe test was completed.

There were three primary cases observed; one in which no reaction of the

explosive was observed (no detonation); the second in which reaction of

the explosive was noted, but either or both unreacted explosive or very

large fragments were observed (low-order detonation); or the third in

which the projectile was completely fragmented and all of the explosive

was consumed (high-order detonation). All projectiles that did not

detonate (either high or low order) were photographed on the side exposed

to fragments from the donor.

2.3 Results of Propagation Tests

It was necessary to make initial estimates of the 50 percent

spacings to start the test procedure described above. These estimates

were made from a prelimipary model early in the development, since the

test program could not start without them. The preliminary model did

not contain the factor F A for the effeLtive area of irregularly-shaped

fragments, and the impact factor FI was chosen before the analysis des-
cribed in Section 1.4 had been made. For these and other reasons the

initial estimates were much too large.
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TABLE 1

SPACINGS FOR 50 PERCENT PROBABILITY OF DETONATION

Spacings in Inches

81 mm 105 mm 175 mm

Initial Estimates 24 38 155

Experimental Values 10.5 10.5 80.5

The initial estimates and the experimental values are iisted in

Table 1. Despite the fact that the initial estimates were much too large,

the test procedure described in Section 2.2 converged rapidly towards the

final values. For all three projectiles the test spacings had converged

to values within about 10 percent of the final values in 8 tests, and

then made small oscillations during the remaining 8 tests.

2.4 Fragmentation Tests

Twi fragmentation tests were conducted with each of the projectile

designs used in the propagation tests. The purpose of these tests

was to obtain data on the spatial distribution of the fragments of the

donor projectile. The number and size of the fragments projected in

angular zones around the projectile were determined.

In each test the projectile was held with its long axis parallel

to and about 4 feet above the ground. Plywood panels placed vertically

in a semicircle around the projectile with a radius of from 10 to 35

feet (increasing with projectile size) were used to intercept the frag-

mauts projected by the projectile.

After each test the plywood panel were photographed and the

photographs analyzed to provide data on the spatial distribution of the

fragments.
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3. Estimates of Required Spacings

3.1 Parameter Values

Average values of case thickness and outside diameter were ob-

tained by measurement from the drawings listed in reference (10). Addi-

tional measurements were made for particular spacings. Also, the length of

the vulnerable section of the receptor and the total weight of metal

fragments from the donor were obtained.

Two parameters that have a large effect on the estimates of

spacings are F and F . The area factor F Is the fraction of the aver-

age presented area of the irregularly-shaped fragment that is effective

in producing high order detonations. It was omitted in our initial

computation of the 50 percent spacings, which is equivalent to using

F A=.o0. We have no data from which to estimate the value of FA .
Sensitivity tests with irregularly-shaped fragments are needed for this

purpose,

The impact-angle factor FI accounts for non-normal impacts. It

can be interpreted as the fraction of the area presented by the Qharge

of the receptor to the fragment stream that is vulnerable to attack.

The value of FI is approximately 0,, if the effective component of

striking velocity varies as (cos 0) 2, where 0 is the impact angle; and

is approximately 0.2, if the effective component varies as (cos 0)5 .

For composition B values near 0.2 appear to be more likely for FI than

values near 0.4. from the meager data available on non-normal impacts.

3.2 Estimates of 50 PercentSpacings

Estimates of spacings required ^'or Pm0.50 and for P-0.02 for

projectiles that are loaded with composition B explosive are lijted in

Table 2 in the order in which they were obtained. The original 50 per-

cent spacings were made early in the development of the model, since they

were needed to start the experimental tests. The value of K 0'5500 used

O
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there applies to all fragments, whereas the value K =4500, used in later0computations yields a more accurate estimate of the average mass for

those fragments that strike the receptor. As stated above in Section 3.1,

the area factor F A was omitted from the original model and added later

in refining it. The impact-angle factor FI-0.4 was chosen before the

analysis of the effects of the impact angle was made. At that time it

was little more than a guess, based on the estimate in Figure 34 of

reference (8) that the width of the effective strip for the 155 m pro-

jectile is about 2 inches.

The experimental results listed in Table 2 were obtained by a

procedure described in Section 2.2. Since the estimates from the exper-

iments are much smaller than the original estimates from our model, the

model was reexamined and some revisions were made. In addition to changing

K to 4500 and F to 0.2, for reasons given above, the area factor FA

was introduced. The value, FA-0.7 5, u3ed ia the revised parameters is

a fortuitous guess that happened to yield estimates of S that are very

close to the experimental values when used with the revised values of

K0and Fl.

The fitted parameter values, FA h0.58 and FI00.38, were obtained

by finding the values of FA and F that would yield estimates of S-10.5

inches for both the 81 = and 105 -mprojectiles, as had been obtained

in the experimental tests. The corresponding value of 84 inches for the

175 = projectile is close to the experimental value of 80.5 inches,

although not as close as that obtained with the revised parameter values.

3.3 Comparison of 50 Pemcent Spaqiogs

The experimental values listed in Table 2 are those obtained

for the 50 percent spacing with composition B loaded projectiles by an

efficient test design described in Section 2.2, using approximately 32

receptors for each of the three projectiles listed. The corresponding

spacings that are obtained for composition B by computation from our mod*l

when the revised parameter values are used are almost equal to the
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experimentally-determined values. Thus, the experimentally determined

spacings are 10.5, 10.5, and 80.5 inches for the 81 mm, 105 mm, and

175 mmprojectiles respectively, while the computed spacings are 9.9,

11.1, and 80 inches respectively.

We have also examined experimental data reported in reference

(8) for the 155 mm (M107) projectile. In these tests the projectiles

were mounted either vertically or horizontally on test stands. The

results are reported in terms of the case-to-case separation distance,

which is S-D in our notation. Hence, we add D, which is approximately

6 inches, to obtain tho corresponding center-to-center spacing. In

the vertical orientation 4 of 4 receptors detonated (high-order) at

S-30 inches, 3 of 4 at 54 inches, 2 of 4 at 78 inches, 0 of 12 at 90

inches, and 0 of 4 at 102 inches. In the horizontal orientation 1 of 2

detonated at 54 inches, 2 of 8 at 66 inches, and 0 of 2 at 78 inches.

Unfortunately there were insufficient experimental data to allow

a reasonable statistical estimate to be made for the 50 percent spacing.

Our model, however, using the revised parameter values, predicts a 50

percent spacing of approximately 42 inches. The experimental data for the

90 inch spacing does allow a limited statistical comparison to be made

with model predictions. For the 0 out of 12 detonations a confidence

interval on the true probability, p, for 95 percent con~idence probabil-

ity is, from the theory of Bernoulli trials used to obtain Figure 31 of

reference (8), 01_p10.27. The probability of detonation at Sw90 inches

computed from the model described in Section 2 is p-0.14, which is approx-

imately at the midpoint of the confidence interval. The estimated p falls

within the confidence interval for all values of the confidence probabil-

ity greater than 0.67.

A total of 12 detonations were obtained with the 38 receptors

positioned at different spacings and orientations. Taking the spacings

into account our model predicts 10 detonations for 38 receptorso which

is in good agreeamnt with the observed number.
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3.4 Predicted Spacings for Small Probabilities

As indicated above, the spacings required for small probabilities

of detonation can be predicted from the model described in Section 1.

The accuracy of these predictions depends upon the validity of the model,

particularly on the variation of the probability of detonation with the

apacing.

The spacings required for 2 percent probability of detonation

were computed by using the revised parameter values and by using the

fitted parameter values. TheRe estimates are listed in Table 2. For

a given projectile the required spacing for 2 percent probability is

much larger than that for 50 percent probability.

3.5 Some Limitations on the Model

More experimental data are needed to test the model before it

can be used with confidence to predict required spacings for small

probabilities of detonations. We have examined potential areas of

uncertainty in our model in terms of its ability to accurately predict

spacings for small probabilities.

Some possible sources of error are: (a) uncertainties concerniug
the parameter values, such as FA and F (b) validity of the empirical

equations used in the derivation, such as the fragmant distribution and

the drag law; and (c) possible discrepancies between the conditions

that existed in the propagation tests and the corresponding assumptions

made in developing the model. These likely sources are discussed

briefly below.

The model predicts that the expected number of supercritical hits

decreases as the inverse equate of the spacing from geometric considera-

tions, and also decreases in a complex way from the decrease in striking

velocity, as the spacing increases. We assumed the usual square drag

law in computing the striking velocity. The corresponding effect on the

expected number of supercritical hits depends on the variation of the
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required mass with striking velocity from the sensitivity equation, and

the fragment mass distribution. The empirical equations involved here are

open to question. The transformation of the sensitivity equation to make

it applicable to irregularly-shaped fragments needs to be checked. Also,

the empirical distribution function for fragment mass is questionable,

especially the tail of the distribution for large masses in the central

10 degree zone. We used the usual exponential distribution function for

the probability that a fragment has mass exceeding m. This distribution

appears to be good for small values of m, but not for large values of

m. Since one dimension of a fragment is limited to the case thickness

and the total amount of metal in the central 10 degree zone is limited,

a distribution with an upper limit is more appropriate.

Another possible source of error is that some of the assumptions

made in developing the model are not in agreement with the conditions

that existed in the experiment. For example, the fragment distribution

of the 155 m projectile may have been distorted by the supports.

The ultimate objective of the experimental tests and model con-

struction is to obtain a procedure for estimating separation distances

for a given probability of explosive propagation under the conditions

that exist in Load-Assembly-Pack (LAP) operations. If the conveyors that

support the projectiles in LAP operations distort the fragment distribu-

tious and velocities, as appears likely, the distributions and velocities

in our models should be modified accordingly vhen itif-wmation on these

effects becomes available.
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SAn SEPARAIO uD SEcoDARY FRAcrr MACT STUDIES

BY

Richard M. Rlndner

Robert S.Kukuvka

ltnufacturing Technology Directorate
ficatizn.7 Arsenal

Dover, N.J.

SUIYARY

A continuing experimental program on explosives sensitivity I under-
way as part of the flcatin Arsenal Safety Enginmering Project. This pro-
gram provides support to the ltdernizstion of the Amy Munition anufacturing
Facilities. Its purpose is:

a. To determin the safe separation distance for anomition end-items
and In-process explosive materials at various stages of their manufacture.

b. To detmstm the sensitivity of ezploaivee and explosive end-
items to Impact by secondary fragmnts (such as concrete pieces) ii order
to establish the mas-velocity relationshlp below which no detonation pro-
pagation will occur under any realistic condition.

The safe soparatioa distances with or without. shielding on a conveyor
which were eastablishad for several end-item were: l5a CoW B loaded
projectiles, 2.?" Rackets and IlA Nines (presented at te 14th Safety
Seminar) as vel as 81m projectiles ant, HE cartridges. Also. safe sepg-
ration distances were established for 51 lbs T boxes, 60 lb. Com B
baze and buckets, and 35 and 0 lbs Ocap c4 buckets. Other tests, which il
hae a major beartn an the plant moderndu&tla program (an which are
discussed In this paper) am presently uwiervy.

tploaive sensitivity tests using secondary (concrete) frapmnts vere
performed in which lqea projectiles, ) aslurry and Black Powder vone
Impacted with concrete fragewnt. of variou3 sites at different vflocities.
No reaction occurred with i5m projectles and RIM slurry and t&s" It
appears that they are insensitie to ipact by concrete frarmnte., A
series of go/no-go situationa resulted from the experiments vith Black
Pocer a&Mtheretores a seitivity profile (veight/velocity cbinatim)
wan established fcr Black Powder. At present work is in progru to
establish Ipact snaltivity of molten Cp B in simile ad In the
alt-kettle.

I NTOWUCION

The modw-rtation of its munition manufacturing facilities and load,
nestle and - qetoin Is of prim tqartama to the Amy. Us



Installation of new, couplex systems including processes, handling equip-
ment, buildings and barricading requires an ultimate effort in safety
enineering technology.

Picatinny Arsenal, with Arm Ibteriel Comand guidance and under the
direction of the U.S. Ara~ants Comand, is providing this technology.
thder its broad project ttled "Safety Enginering in Support of Ammunition
Plants", Picatinny is rendering safer, more eccemic and realistic design
data in support of thi toderniation Program. This information is provided
to the Government oUnhd, ontractor operated plants, the Corps of Engineers
and others actively eng d in design and cIstruction of the new munitions
facilities.

A segent of the overall "Safety Engineering Project" includes the test-
Ing and analysis dealing with the sensitivity of explosives and explosive-
end-items. Te information presented in this paper deals with this sub-
ject,

The objectives of the explosives sensitivity task are tio-fold,

1) Determination of the safe separation distance (non-propagating) of
amunition end-items and of explosive materials at various stages of their
manufactue (~inrprocese conditios).

2) Establish the aze-velocity relatinship below wh ch no detonation
* propagatim wil occur to explosives a-d explosive end-te when Macted

by escondaz frapento (cocrete pieces).

It should be str*esed at this point that the work already cmpleted
to-date has nsiWtad in either major saving in space requfreente or in
stbiLishlng the alaiw distance tr separation that is safe between

_wdA tics item where this Info.ation was not covered by present safety
regulatios. ha the work hae proged, it ha becom obvious that a
great dea reat to be dne as a result of previous limited testing
carried out in this area and the Arv has reinforced its efforts in the
regrd. The ultiat4 goal of the rauts achieved by these test progrsm

i a 6 sup tatn and/or modi1-a of th present SWety'f ial
AIC 389-M~o

SAF SEPAMTIM DIUTA MTS

Tm purpon of the" t ts was to detendne spacing and/or ehieldinag
requirsti to prevent propaga tm between ammition item and eepIoeive
bein tran9ortod m a coavey r.

Several asmitita ead-ItAw individually *W an pallets as well as
in-process explosive materials wre tested at the locale Ary Depot, Sierra
Atq Mifot. ani Uzg Proving, (koumlo and am presented in Table 1.
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The test series consisted basically of three parts (although not
all of them were applied to each item tested).

Part 1 dealt with establishment of safe separation distances (without
3hields) on a conveyor.

Part 2 dealt with the establishment of safe separation distances
using some kind of a shield between the donor and acceptors.

Part 3 dealt with performing confirmatory tests at the acceptable con-
fidence level and reliability based on results produced in Parts 1 and 2.

Several test results which resulted in establishment of safe separation
distances for ammuntion end-items and explosive in-process materials such
as individual lV~mm Comp B projectiles, L.75" Rockets, MIBAl mines and
* # TNT boxes were discussed during the 14th Explosive Safety Seminar and
are shown in Table 1.

TEST SET UP

81amm Projectile & HE Cartridge Tests

Testswith 81mm projectiles and 81m HE Catridges were performed to
confim previously established distances(8.8* )between the rounds with in-
terrupters simulating the facing operation which is considered to be the
most hazardous operation during the projectile assembly.

In this test simulatea drill ftrtures were inserted in the acceptor's
fuze well cavity. The transfer pallets were mounted on standard roller-
type conveyor approximately 36" from the ground. FivAre 2 illustrates the
test arrangement, the center projectile being the-donor with the acceptor
projectiles each containing drill fixtures, for these tests.

60 lb Comp B Boxes

The 60 lb Comp B boxec test set-up was similar to the previously
conductedtests with 5 lb TNT boxes. Three boxes were placed in
a straight line on salvaged sections nf roller conveyors (see EgCtq3j.
The center box was the donor wl.Ile the end boxes simulated the acceptors.
The test itews were supported by wooden stools at the height of 30 inches
which simulates the approximate height of a conveyor used in production
lines, The entire assembly was then enclosed with 3-ten foot long 24-gauge
aluminum hoods. These covers are analogous to those existing in an actual
production lie and will be used in future conveying systems.

60 ib Comp B Buckets

The 60 lb Comp B bucket tests simulated buckets being transported
through a tunnwl via an overhead pendent-type conveyor.
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The buckets were suspended from a 3 X 2 3/8n steel "I" beam and
oriented longitudinally within the tunnel at a distance of 5 ft. fra the
ground as shon in Figur 4. The tunnels were fabricated from wolded
2 X 2 X le' structural steel angle and covered with 24 gauge corrugated
steel sheeting in order to closely simulate the actual plant conditions.
The buckets used in the teat were 1/8" molded Phenolformaldsyde plastic
and were 16, in dia X 14" deep.

35 lb & 50 lb Comp gi Buckets

This test series was conducted to simulate a material handling sys-
tem for extruder operations.

The test set-up for this test series ia shown in Figure 5. The tun-
nels were fabricated from 2 X 4 lumber and covered with 6 gauge corrugated
steel sheeting. They were 8 ft wide by 10 ft high. The total length of
each tunnel was approximately 56 ft. The aluminum buckets (containing
Comp Qb were stspended longitudinally from the roof structure at a distance
of ? ft from the ground. The same size buckets (14" dia X 20" deep) were
used for both 35 lb and 50 lb Camp C4 separation tests.

105 =4 M1 Comp B. Prolectiles on Conveyor Carriages

The purpose of this test program, which has been recently initiated
and is presently underway, is to establish safe separation distances between
carriages containing 16-105m Comp B loaded projectiles on a conveyor. This
test series is being performed in support of several 00CO plant moderniza-
tion programs.

Sixteen projectiles spaced approximately 1" apart on a carriage will
be transported by conveyor within and out of the melt-pour area. Prelim-
inary tests have been performed with and without pouring funnel and with
and without blast interrupter bars. The fixtures and carriages used in these
tests (aluminum alloy 6061-T6) are comparable to those used in actual
operating conditions (see Fgure 6)

Two carriages - one serving as a donor, the other as an acceptor - each
containing 16 vertically oriented projectiles were placed on 18" X ft
long sections of salvaged steel roller conveyor and spaced apart at various
distances from each other. These assemblies were supported by wooden horses
at 33" above the ground which simulates the approximte height of plant conveyor
systems.

TEST RESULIS

Except for the l0 mm carriage teat, all tests discussed above were
completed. After performing exploratory typ tests in order to establish
a minimum safe distance ard/or shielding between the donor and acceptors,
confirmatory tests were conducted at which no detonation propagation
occurred.
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81nm Projectiles & HE Cartridges

In the case of the B]1mm projectile tests, although cracking and split-
ting did occur to the acceptor projectile, no penetration of the acceptor
projectiles wiis caused by primary fragmnts emitted from the donor. Since
the prim objective of the test was to deterins the effectiveness of the
shield in preventing detonation propagatimn, the degree of indentation and
cracking was uoL considered relevant.

105Mn Projectiles in Pellets

The preliminary teats with 16-105 mm projectiles on a transfer carriageI
(pallets) indicated, however, that the present regulations cmcerning safe
spacing of these pellets are grossly inadequate.

These tests, which will be continued shortly, indicated that a total
propagation I-etween pallets occurred at a clear separation distance of 170
in. An of now, no Wae separation distance was established between the
pallets. Present regulations, however, (as spelled out in Safety MInual
AMOR 385-100) call for 109"1 sparation. between pallotB containing 32 pro-
jectiles.

A semnary of the results of all sWe separation tests with explosive
end item diacussed in this paper and plne d shortly is presented in
Table 2.

Comp B Boxes3

Tests perf ormd with Comp B boxes indicated that no propagation
occurred at a clear separation distance of 9 ft.

In view of the above,25 confirmatory tests involving 50 acceptors were
performed at 12 ft clear separation between the donor and the acceptors.
No detonation propagatian took place in any of these teats. However, burn-
ing of both acceptors in some tests was observed.

Comp B Buckets

Ten tests (20 acceptors) performed at 12 ft. separation distance with
Comp B buckets resulted in no propagatiwr into the acceptor buckets.
Although the steel angle fraam and the tuninel sect4 ons were Beverely dam-
aged, no fragmients were emitted by the ateel framing or' "Iff beam (see
Fir). A32 acceptor buckets were torn apart and Comp B was scattered
towi±thin 100 ft from its origina location, No burning of the plastic
bucket debris was evident, onily cne small cV' B acceptor fire was ob-
derved and this was attx.:uted to a burning piece of wood from a tumxe3,
base support.
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Comp C4 Buckets

A total of 20 tests were performed (10 each) with 50 lb and 35 lb
buckets containing Comp C4. The safe separation distance of 35 lb & 50 lb
buckets was established at 20 ft-and 25 ft respectively. In all teste
conducted, no propagation into the acceptor bucket occurred (see Figure 8).
The steel corrugated sheeting was torn apart or deformed and strewn about
the test site. In all cases the acceptor buckets sustained only minor do-
fo tion with no penetration. No fires were produced in the acceptors.

Table 3 summarises the test set-up and results of all tests conduc-
ted to &-aland planned for the near future with the explosive in-process
materials.

SECONDARY FRAGMENT IMPACT TESTS

A series of experiments were conducted at the ITT Rsearch Institute
Test Facility to determine explosive sensitivity to impact by concrete
fragments. Figure 9 simulates a situation where wall fragent resulting
from donor dsitontIon impact the acceptors.

The concrete used in this program was launched from a 12 in. air
gun facility (F101"1). The gun is capable of launching a wide range
of missile weij avarying velocities.

These tests utilized two types of concrete fragents:

a. Solid concrete cylinder

b. Containers filled with concrete rubble.

To prevent scoring of the air gun barrels it was necessary to place
the concrete fragments in some type of soft contA'iner. The container had
to be strong enough to support the weight of the fragment, yet have min-
imal influence on the impact of the projectile with the target (See Ii

1-51U Proiectile Experiments

Twenty experiments were performed on 15mu Comp B loaded projectiles
subjected to impact by concrete fragments. Of these, 12 shots were made
using solid concrete projectiles with weights ranging frm 5 - 480 lbs.
Eight experiments used concrete rubble filled containers weighing from
125 - 250 lbs. High speed and normal speed cameras recorded the results.
The direction of fragment impact in all experiments was approximatky
normal to the 155i projectile axis. The l55 projectiles were placed
on steel witness plates and then positioned such that the projectile's
axis was normal to the expected line of flight of the concrete fragment
(see Fige 12).
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Post test inspection of the 155m projectiles showed a varying degree
of deformation to the projectile casing. In several tests, the lifting
eyebolt ring was sheared from the projecte assembly. None of the tests
resulted in any Camp B reaction. A summary of the test results is given
in Table 4.

RDX Slurry Experiments

Fourteen experiments were conducted employing RDX Slurry as the target
The RDX was type B1 Class E. For these experiments the same type of frag-
ments as described before in this paper were employed. The experimental
configurations, along with the weight of the slurry and its mode of confine.
ment are given in Fi 13. The direction of impact between the concrete
projectile and thetarget was approximately 75 dii-ees.

Failure of the slurry to react to impact necessitated the number of
different experiment configurations. As each configuration was trAed, and
failure to produce a reaction occurred, a new setup was instituted.

Sixteen additional experiments were performed by firing 30 caliber
bullets from a rifle into RDX slurry. The purpose of these experi'ents
was to observe if a reaction to the RDX slurry by bullet impact would
occur. Both armor piercing and copper ball bullets were used. For both
types of bullets, the target velocity was approximately 2,500 ft/sec. in
each of these experiments, where a 5 gallon container was used as the tar-
get, the canister was either badly damaged or destroyed by the kinetic
energy of the projectile. The water tanks employed as the enviromnt for
the slurry container were split apart at the seams. In every case, RDX
slurry was scattered about the test area.

Table 5 summarizes the results of these experiments. The fragment
veloceR1esranged from 200 - 1,270 ft/sec. The projectile weights ranged
from 5 - 480 lbs. Zn none of these experiments, regardless of fragment
size or velocity, did an explosion-type reaction occur.

No reaction of the slurry was produced in the series of slurry bullet
experiments. However, the box containing RDX slurry had been blown away
from the area of impact.

Black Powder Experiments

For this series of 20 experiments, in which Elack Powder was subjec-
ted to fragment impact, a single configuration was maintained. (see F&e 14
A single 25 lb cylindrical met4l shipping container of Black Powder was
placed on a steel witness plate with the length of the container in line
with the line-of-flight of the fragment. Impact direction was approximately
15 degrees off normal to the side of the container. The witness plate was
placed mi hard packed soil. The shipping container had a thickneas of
0.013 in.
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The saws type concrete fragments were used as before and are described
in Table 6. Only 1 out of 20 experiments used con:rete rubble. The siz
of raients ranged from 5 - 480 lbs; their velocities from 100 - 10% ft/sec.

The results of this test series are presented in Table 6. The magni-
tude of the reaction varied from no reaction to slo, b-hE to intense
reactions with accompanying fireball. Since no imitruments were used ia
this series, no measurements of the degree of reaction (explosion) were
possible. Where the shot resulted in no reaction, a post test survey
showed Black Powder to be scattered about the test area. In each test
(except one) the target canister was destroyed. B&sed on the teat data
obtained, an attempt was made to plot a go/no go profile of confined
Black Powder as a function of projectile velocity iand its weight. :g2.
15 is a graphical presentation of these data.

Because only camera coverage of these tests was used as the basis for
determining reaction intensity level, it is anticipated that a limited
number of tests will be conducted in the future using airblast measuring
devices. This will provide a quantitative assesament of the reaction in-
tensity level.

CURRENT MND FUTUR WORK ON FRAGMKST IWlACT

Curently, we are determining the impact sewlitivity of molten Comp B
and TNT in various in-process stations of the production of the lmm shell.
Specifically, sensitivity of the following configurations are being eval-
uated:

1. The melter-kettle, which will hold 40 lbs of either Camp B or TNT
in a molten state.

2* The Comp B filled lmm shell with the explosive at approximatly
15 F (its temperature during the facing operation).

3. Thd Comp B 15imu shell - "Just filled cotdition,, i.e. with the
loading funnel in place and the explosive at appradmately 2000 F.

Work ha6 started in evaluating these configurations. Preliminary
results indicate that the Camp B at elevated temperature is significantly
more sensitive to impact by secondary fragments. The fragwnts (both rub-
ble and solid concrete) ranged in weight from 40 - 500 Is and impacted at thetarget at velocities from 360 to over 1000 ft/sec.

Figure 16 is a suiMuy of the work either in progress or planned in
the neai E- .e
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CONCLUSIONS

The safe separation tests conducted to dat6 and currently in progress
have demcnstrated the following:

1. The present requirements and direction for safe separation of
explosive end-item and in-process materials are inadequate.

2. Major savings in space requirements and safe separation distances
on a conveyor can be achieved.

3. An urgent need exists for additional work in this field in order
to accai~lish effective facilty design.

The outcome of the secondary fragnent Ipact testing may result in
less stringent design requirements for dividing wall construction in new
facilities and thus, a cost savings. Experimnts of this type could also
make the redesign of existing walls in many instances unnecessary. Utili-
zation of the air gun technique in sinlsting wall fragment impact of ex-
plosive munitions appears to be quite effective.
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Table 4
155 MM PROJECTILE RESULTS

Projectile Description
Test Results

No. L/D Type Weight Velocity
(lbs) (fps)

S-1 4 Solid 380 500 Glancing Impact - No
Visible Damage

S-2 4 Solid 380 425 No Damage

S-3 2 Solid 180 560 No Damage

s-4 2 Solid 180 555 Small Deformation of
Projectile Case

S-5 2 Solid 188 560 Small Deformation of
Case

S-6 1/2 Solid 55 1170 Deformation of Casing

S-7 1/2 Solid 55 1170 Deformation of Casing

S-8 4 Solid 380 545 Slight Damage

S-9 4 Solid 380 550 Slight Damage

R-I 4 Rubble 230 600 Small Crack in Casing
Near Lifting Eye

R-2* 4 Rubble 250 540 Slight Damage to Casing

R-3* 2 Rubble 125 675 Slight Damage to Casing

R-4* 2 Rubble 125 680 Sheared off the Lifting
Ring

R-5* 3 Rubble 190 525 Slight Damage to Casing

R-6* 3 Rubble 190 540 Sheared off the Evebolt

R-7* 3 Rubble 190 560 Slight Damage to Casing

R-8* 3 Rubble 190 570 Slight Damage to Casing

S-10* 5 Solid 480 350 Dented Casing

S-11* 5 Solid 480 360 Sheared off the Eyebolt

S-12* 5 Solid 480 350 Sheared off the Eyebolt

*Witness plate placed on concrete pad.
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EXPLOSIVE LOAD RESPONSE TO NAVAL GUN SYSTEMS ENVIRONMENT

AND

ITS RELATIONSHIP TO IN-BORE SAFETY AND PERFORMANCE

M. C. Shamblen and J. S. O'Brasky
Naval Weapons Laboratory, Dahlgren, VA

ABSTRACT

The dynamic mechanical loading to which projectile fillers and fuze

explosive trains are subjected during gun launch can be of sufficient

magnitude to cause structural failure of the explosive load leading to

load movement and occasionally thermal ignition. Low level (1 Kb)

shock inputs can cause thermal ignition of the projectile filler. The

low energy shock environment can cause the operation of fuze explosive

train components resulting in duds if the fuze is properly assembled and

detonation of the projectile if it is not.

This paper will treat the nature of such inputs as those described

above, their measurement and laboratory simulation. The structural and

sensitivity response of Composition A-3 and Explosive D projectile fillers

to such inputs will also be described.
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INTRODUCTION

The Navy has sponsored programs to improve the safety characteristics

of its ammunition for many years. Each phase of the development, production,

deployment and use cycle has received some attention. Between October

1970 and July 1974, five major gun ammunition malfunction investigations

were conducted under the sponsorship of Naval Ordnance Systems Comand.

The Naval Weapons Laboratory participated in each investigation as the

principal experimental facility. In five of these investigations

involving three weapons systems, the dynamic responses of projectile

components to ballistic environmental inputs were of sufficient magnitude

to cause structural failure or thermal initiation of the explosive fillers

and shock initiation of fuze explosive train components. In the course

of these investigations, the dynamic responses of several projectiles to

transportation and mount handling environments were characterized.

While for the particular incidents in question, only the gun launch

environments were implicated, it was found that certain transportation

environmental shocks were similar, but of much less magnitude and duration

than those which produced fuze explosive train action during gun launch.

Since transportation safety environments were only incidentally sampled,

most of the data presented in this paper are derived from the gun launch

phase and are presented as a means of acquainting the explosive safety

community with the techniques of measurement, data analysis, and laboratory

simulations of environmental shock inputs and components responses. It

is hoped that these methods may find application in the entire explosive

safety area.
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The reported work was performed during the period November 1970

through May 1973. It was a major portion of Naval Ordnance Systems

Command sponsored programs designed to determine the ca'ises of and

remedial actions for in-service gun ammunition malfunctions. Actions of

these investigative programs have been published by Culbertson, Shamblen,

and O'Brasky (reference (1)), Shamblen and O'Brasky (reference (2)),

Shamblen (reference (3)), and Culbertson (reference (4)).

SYNOPSIS OF MALFUNCTION INVESTIGATIONS

During 1969 and 1970, a series of in-bore ammunition premature

incidents were experienced in 5"/38 naval gun firings. Examination of

the accumulated in-bore premature history indicated a strong correlation

between the observed events and the very early time gun ballistic

environment produced by a particular propelling charge assembly denoted

as Type A.

During the same 1969-70 time frame, a rash of close-aboard premature

(CAP's) functionings were noted in 5"/38 ammunition. Again the correlation

between the frequency of these events and the very early time ballistic

environment was noted.

In early 1971, a series of close-aboard premature explosions was

experienced during 8" naval gun firings. Examination of the 8" firing

history revealed that CAP's had occurred only when firing the reduced

propelling charge.

In late 1972, a series of in-bore premature explosions took place

in the 5"/54 gun system. These explosions were shown to be the result
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of the interaction between a normal and relatively gentle ballistic

environment and a misassembled auxiliary detonating fuze.

In 1972, an in-bore projectile premature destroyed a three-gun 8"

turret aboard the USS NEWPORT NEWS. Investigation of this incidnnt

revealed that the early time ballistic envircnment of *he propelling

charge had interacted with an overly-sensitive detonator in a misassembled

auxiliary detonating fuze to produce an in-bore detonation after a very

short projectile travel distance (less than 0.1 inch).

PROECDURES AND EQUIPMENT

Two principal experimental methods were used to measure the gun

ballistic environment and its interaction with ammunition assembly

components: first quarter wear life 5"/38 and 81/55 gun barrels were

instrumented as shown by Figure 1; and special test projectile assemblies

were instrumented with either peak reading mechanical transducers or

continuous recording pressure and acceleration transducers as shown by

Figures 2 and 3. The location of these transducers was selected to

provide information on the pressure-tine history at the base and mouth

of the propelling charge and the resulting pressure and shock loading

on the projectile structure and components. Instrumentation characteristics

were as follows:

a. The continuous recording piezoelectric pressure transducers

were exclusively the KISTLER Model 607A, having a 75 ksi range and a

240 kHz resonant frequency. The continuous recording piezoelectric

accelerometers were either ENDEVCO Models 2291 or 2292 having respective
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range and resonant frequency characteristics of t 100 kg, 250 kHz and

20 kg, 125 kHz. Slight amplitude errors are to be expected, depending

upon transducers (e.g., 11% maximum for the ENDEVCO Model 2291 between

50 and 80 kHz). Low noise coaxial cable was used throughout. Data

recording was on Honeywell Test Instruments Model 7620 wide band magnetic

tape system, double extended mode, 432 kHz center frequency, D.C. to

80 kHz response at 120 inches per second record speed. End-to-end

system response was 80 kHz. For the instrumented projectile experiments,

the transducers were "hardwired' through the nun bore to the signal

conditioning and recording equipment; this technique provided from 0.5

to 7.0 milliseconds of recording time before adverse cable motion/

destruction effects were experienced.

b. Mechanical gages consisted of peak-reading self-recording

accelerometers and pressure transducers. The accelerometers were the

iMndlin gage copper-ball, used to measure setback s;,ock spectrally at

four frequencies, and the NOL WOX-SA, used to measure transverse and'

spin accelerations. These transducers are described in detail by OeVost

(reference (5)). The peak-reading pressure gage consisted of a base

detonating fuze body modified to incorporate four peak-pressure-reading

diaphragms; the diapheagms were located circumferentially on the fuze

body just forward of the threaded portion. These gages were calibrated

In an NOX 21 Air Gun Facility, using a setback simulator developed

specifically for gun inertial loading studies of projectile fillers.
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c. Projectile muzzle velocity data were obtained by use of induction

coils or NWL developed doppler radar. The measurement accuracy of these

systems is ± 5 ft/sec and ± 2 ft/sec respectively. Primer transit time

and gas distribution in the open air burn experiments was obtained from

high speed framing camera film (frame rate between 10,000 and 14,000 fps).

d. Projectiles containing Composition A-3 and Explosive D explosive

fillers were fired from 5"/38 and 5"/54 short barreled guns (5"/10 and

5"/16 respectively) to subject the explosive filler to the gL, launch

forcing function through peak pressure while assuring gentle recovery

from sawdust media (recovery velocity 1200 to 1500 ft/sec).

SHOCK SPECTRA ANALYSIS

Shock data analysis consisted of determining the component frequencies

of the projectile assemblies used in the investigations and performing,

computer analysis of the components' response to the pressure and

acceleration pulses measured in the ballistic performance studies.

For component frequency analyses, the projectile assemblies were

simplified to a three-component structure: base, shell and filler. The

fundamental frequencies of individual components were computed using

longitudinal sound velocity in materials theory (Aronica, reference (6)),

and experimentally measured by monitoring free-body ringing response for

the 5" projectiles. A schematic and representative data for the ringing

experiments are shown by Figure 4.

For the 5" program, single-degree-of-freedom (sdof) system responses

to the experimentally determined gun-projectile pressure and acceleration
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pulses were computed using the NOL Analog Shock-Spectrum Analyzer

(Melane, reference (7)). The analog analyzer was used in lieu of

digutal computer techniques because primary interest was only in the

early time, < 1.0 millisecond, portion of the gun ballistic environment;

additionally, many of the continuous shock recordings contained large

signal errors, at cable destruct times which would have been difficult

to correct on the digital system. Response accelerations were obtained

for sdof system frequencies of from 430 Hz to 45 kHz; system damping

was 2.0% of critical.

For the 8" program, sdof shock spectrum was computed by digital

concatenation of the acceleration data taken from the instrumented

projectile and converted gun sidewall pressure data by use of subroutine

with the MR WISARD computer program (Reed, reference (8)), as shown in

Figure 5. Pressure-time recordings were converted directly to acceleration

time by changing the pressure calibration of the recorded data to proportional

acceleration calibrations by the following:

PA.wg'X

where: P - instantaneous pressure on the projectile base (psi)

A - gun bore area (in2)

W = projectile weight (lb)

X - acceleration (g)

Concatenation of the data records was necessary in order to obtain

the complete time history and total spectrum of the projectile shock.
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Response accelerations were obtained for sdof system frequencies from

10 Hz to 80 kHz. System damping was 2.0% of critical.

SIMULATION AND CORRELATION STUDIES

Laboratory simulations and analytical modeling were performed

during the investigations in order to obtain better understanding of

observed experimental results and to minimize costs of full-scale

experiments.

For the 5"/38 program, these efforts were primarily concerned with

examination of the 5"/38 propelling charge ignition-ammunition interaction

phenomena; initial ballistic performance experiments indicated presence

of ignition-produced compression waves possibly producing considerable

grain and cartridge case closure motion in the Type A propelling charge.

Flash X-ray experiments, using an unconfined, fiberglass cartridge case

with standard primer, propellant and closure plug components, were performed

to obtain a more quantitative understanding of the phenomena (Soper,

reference (9)), Concurrently, air gun experiments wer . perfrmed, as

shown schematically by Figure 6, to establish an economical laboratory

technique for simulating the observed early-time gun ballistic environment

on the base of projectiles. The resulting technique was subsequently

used to study the response of specific ammunition components, especially

a 5"/38 mechanical time fuze component, to the simulated early time gun

env ironment.

Since it was not possible to duplicate the combined effects of the

80/55 reduced charge gun firing in the laboratory, the component shocks
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I

of in-bore and out-of-bore phenomena, as discussed below were simulated

separately and the individual effects on the 8"/55 projectile's base

detonating fuze components were studied.

a. Plug Impact Tests - Tests simulating the effects of cartridge

case closure plug impacting the base fuze were conducted using the NOL

VHg Impact Test Set (DeVost, reference (10)). The test apparatus and

impacts are described in Figure 7. Impact levels were similar to those

recorded during gun launch of reduced charge propelled instrumented

projectiles.

b. Plug Impact and Chugging - An attempt to simulate the combined

effects of plug impact and pressure and shock waves in the propelling

gases ("chugging") was made by combining two types of shock loads as

described below. The effects of plug impact were simulated on the NOL

VHg Impact Test Set as described above at the 40 Kg acceleration level.

The effects of normal firing and "chugging" were simulated by subjecting

the fuzes to either one or three separate shocks of about 7,0 to 7.5 Kg

peak acceleration with a duration of about 5 milliseconds (ms). These

tests were performed in the NOL 5" Air Gun (Fisher, reference (11)).

c. Out-of-Bore Drqag - Tests were run on fuzes to determine their

sensitivity to setforward drag. Based on the assumption that low level

projectile oscillation may persist close-aboard after the projectile

leaves the gun, out-of-bore drag tests simulatiag combined projectile

drag and oscillation were also run. The tests were performed on drop

testers described in Figures 8 and 9. The apparatus were used to
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produce relatively smooth, long duration pulses to simulate aerodynamic

drag, and pulses with superimposed low frequency oscillations to simulate

the combined effects of drag and projectile oscillation. In the drag

simulation tests, the fuze was mounted rigidly on the carriage; in the

combined drag-chugging tests, the fuze was mounted on a fixed beam

oscillator as shown in Figures 8 and 9, respectively.

The 5"/54 and 8"/55 investigations of 1972 extended the simulation

effort to application to the MARK 54/MARK 55 auxiliary detonating fuze

design. The plug impact test, as described above, was applied to fuzes

having nominal, partially armed, and completely armed safing and arming

devices. The fuzes were also subjected to MIL-STD-313 tests to determine

whether misassembled fuzes could be armed in transportation environments.

Over the entire period encompassed by the investigations described

in this paper, a simulator, known as a Premature Simulator, was developed.

This device, described in reference (12), is a drop tester designed to

subject a small amount of explosive, approximately one pound, to the setback

pressure and duration achieved in the base region of a projectile during

gun launch. Figure 10 is a schematic of this device. The Premature

Simulator was used t0 determine the reaction threshold level for several

explosives containing nominal and defective loads.

MAJOR RESULTS AND OISCUSSION - 5" Program

Ballistic Performance Measurements. Data obtained from the high

response pressure-time instru&entation in the 5'/38 gun chamber walls
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quickly identified a significant difference between Type A and Type B

propelling charge ballistic performance; at the cartridge case mouth,

the Type A charge consistently produced a characteristic step rise as

compared to the more gradual rise characteristic of the Type B charge;

see Figure 11 for comparison. The overall pressure-tine pulses for both

types of charges are compared by Figure 12. In contrast to the classical

smooth pressure-time and corresponding acceleration-time profiles

usually assumed for gun launched vehicles, analyses of these profiles

indicated that strong, combustion-produced, compression wave phenomena

were present in both charges but were more severe in the Type A charge.

Further analyses, including consideration of pressure measurements made

at various distances along the propellant bed, and the detail design

characteristics of the charge ignition systems, indicated that the

observed wave action was related to initial propellant ignition and

subsequent burning-front development.

Data obtained from the instrumented projectile experiments are

shown by Table I and Figure 13. While the mechanical gage effort was

hampered by projectile recovery problems, useful data were obtained

indicating that setback shocks, angular accelerations, and projectile

filler base pressures were significantly higher in the rounds fired by

the Type A propelling charge than in those flied by the Type 8 charge.

The continuous recording instrumentation provided the essential data

needed to define the very early time charge ignition-projectile start

period. Recording times ranged from 0.5 to 1.5 milliseconds from

initial projectile base pressure rise. These data, as shown by Figure 13,
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TABLE I

5"/38 MECHANICAL GAUGE DATA

TYPE A PROP. CHARGE (NACO PROPELLANT)

WOX-5A %
ROUND SPIN ACCELERATION PRESSURE GAUGE ABOVE

BALL DIAPHRAGM NOMINAL
NO. DEFORMATION DEFORMATION PEAK SETBACK

AVG (1/O000) (RAD/SEC2) 1/10O0" (PSI) PRESSURE*

1 2.60 585,000 * * ..

2 3.75 840,000 61.o 29,500 41.o

3 4.95 1,100,000 70.0 30,4OO 45.o

TYPE B PROP. CHARGE (PYRO PROPELLANT)

2 0.0008 180,000 4O.0 27,000 13

3 ++ - 48.0 28,000 18

*20,900 PSI FOR NACO AND 23,800 PSI FOR PYRO

**FILLER IN TIME REGION AROUND THE GAUGE DIAPIRAGMS WERE GOUGED WHEN THE
BASE FUZE WAS ASSWIBSD AND WAS NOT IN CONTACT WITH THE DIAPHRAGM.
READINGS WERE VERY LOW.

+ROUND BROKE UP; NONE OF THE GAUGES WERE RECOVERED.

++APPARENTLY ROTOR INERTIA FORCE WAS NOT HIGH ENOUGH TO OVERCOME THE
SETBACK FRICTIONAL FORCE - THIS HAPPENS FREQUENTLY IN PYRO FIRINGS.
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established that the projectiles fired with Type A propelling charges

were subjected to significantly more severe early-time shock than were

those fired by the Type B charge. Of particular significance was the

high amplitude, short-duration pressure pulse observed by the pressure

transducer in the projectile base wall; it was reckoned that this pulse

was caused by initial impact of the Type A propelling charge closure

plug and accelerated propellant grain mass. This was verified and

quantified during simulation studies as explained below and, by further

analyses and correlatioqs, was found to be the most probable cause of

explosive filler initiation in the service premature functionings.

Shock Analysis. Figure 14 shows typical recordings and analog

responses of Types A and B propelling charge-produced shocks measured

at both projectile base and nose locatiins. Spectra of the shocks are

shown by Figure 15. These data show thac the early time shock peaks

produced by the Type A propelling charge are more than four times higher

than those produced by the Type B charge. As expected, responses

approaching the natural frequency of the projectile base (45 kHz) are

the highest; responses for the Type A propelling charge are from 1.7

to 21.6 times higher than comparable responses for the Type B propelling

charge.

Simulation and Correlation Studies. Typical flash radiographs

obtained during the special flash X-ray experiments are shown by

Figure 16. These exposures contrast the grain-closure plug performance

exhibited by the Type A and Type B propelling charges; for the Type A
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charge, the cork closure plug, originally about three inches thick, has

been compressed to approximately 0.5 inch thick, has assumed a convex

leading edge shape, and is being forced against the projectile base with

an impact velocity of approximately 700 ft/sec; for the Type B propelling

charge, the closure plug is disintegrating rather than being forced

forward as a homogeneous mass. This action is attributed to differences

in propellant grain size and mass and ignition development between the

two charges: for the Type A charge, small propellant grains plus

relatively small area of initial ignition action result effectively in

a rather compact mass of propellant grains and compressed gas being driven

forward toward the projectile seat during early ignition; for the Type B

charge, larger grain size permits more gas flcw forward through the un-

ignited propellant bed, resulting in less propellant motion and sufficient

pressure rise against the closure plug to produce the observed plug

disintegration.

Typical results of air gun simulations of the closure plug/

propellant mass and projectile base impact phenomena are shown by Figure 17;

to determine the conditions for' equivalency with the measured 5"/38 gun

parameters, the simulated propellant mass ranged from two ounces to five

pounds while plug impact velocities ranged from 280 to 1420 ft/sec. It

is seen that with approximately a 1/2"1 convex plug leading edge shape,

plus approximately 2.5 ounces of simulated propellant mass and an average

plug impact velocity of 755 ft/sec, the projectile base pressure and

acceleration profiles are essentially identical to those measured in

the gun fired instrumented projectile experiments.
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- 78 sec (All Traces) Shot No. 14
25 oz. 26 oz. 8 oz.

Wood fps. 14
Vehicle fps_-o b -.1-- 0o"7 5

30kg 
(All Impacts)

578 fps

Simulated Propellant Mass: 50 oz.

Shot No, 24

6.3 oz. 5.oz

Plastic 1380

Vehicle i-wf ps

0.50

30kg 755 fpa-

Simulated Propellant Mass: 2.5 oz.

AIR GUN SIMULATION EXPERIMENTS

FIGURE 17
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These simulations provided clear evidence that the severe impacts

and high impulsive pressures recorded at the base of projectiles using

the Type A propelling charge were produced by the grain-closure plug

impact phenomena. Further analyses indicated the observed projectile

base impact loading was subjecting the explosive filler at the projectile

base explosive interface to low level shock pressure pulses of about 0.4

to 1.5 kb with durations of approximately 30 to 50 microseconds. Through

examination of available shock initiation data for high explosives, it

was possible to construct a family of initiation probability curves

for Composition B explosive as a function of pressure level and pulse

duration; see Figure 18. Data provided by Schimmel and Weintraub

(reference (13)), were particularly useful here since these data allowed

unique estimation of the 0.1% and 0.01% initiation probability curves to

supplement the normally determined 50% probability curve. Entering

these curves with the estimated average impact pulse characteristics,

i.e., 1.0 kb and 40 microseconds, a predicted explosive initiation frequency

of about one in 104 events is obtained. This compares extremely well

with the observed service ammunition premature rate of about one in

15 x 103 events; it should be noted here that the Composition A-3 explosive

involved in the service prematures is generally acknowledged to be somewhat

more sensitive to shock initiation than Composition B explosive for which

the initiation probability data were available.

Explosive Load Movement Studies. Thirty-six Composition A-3 loaded

50/38 projectiles were fired, having explosive fill densities of 1.63,

1.50, 1.45 and 1.30 gm/cc and base gaps of 0.125" and 0.0001. Table II
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TABLE II

COMPOSITION A-S EXPLOSIVE LOAD RESPONSE STUDY
LOADING CONDITIONS FOR GUN-FIRED RECOVERY TRIALS

Density of Comp A-3 Loading Gap Size
(wn/cc) (in.) Sample Size Remarks

1.63 0.125 6 Note: I
0.00 6 Note: 1

1.50 0.125 5 Note: 2, 3
0.00 1 Note: 3

1.45 0.125 6 Note: 1
0.00 6 Note: 1

1.30 0.125 6 Note: 2, 3, 4
0.00 0

Toti 36

Notes:
I AH rounds had Comp A-3 dusted into all base fute hole plug (BFIP)

thread& Graphite marker on incrementlinterface.
2 2- 3 rounds only bad Comp A-3 packed into four BMW? tbreadb

nearest. ,explosie,.cavity.
3 Colored (dyed) explosive used to distiiiuish loading increments.
4 Round 6; 1.30 derhy; Exploeive in BFHP threads; 1/8' gap exp* ded

at 52* from breech face.
5 A~i projectiles were S'138 MARK 52 MOD 0

1430



gives the exact conditions. One projectile reacted at 18" of travel.

This projectile had a 1.30 gm/cc load with .125" base gap. The 1.60 gm/cc

fillers showed no tendency to shift or compact. Figures 19

is a post-firing photograph of typical projectiles. The 1.50 gm/cc

fillers compacted slightly, Higure 20. The 1.45 gm/cc and

1.30 gm/cc fillers underwent substantial compaction, Figures 21 and 22.

A similar experiment was conducted with 78 50/54 Explosive D loaded'

projectiles at density levels of 1.47, 1.51, and 1.55 gm/cc with 0",

1/2" and 2" gaps. Compaction occurred in all cases but no reactions

occurred. After firing the crystalline Explosive D was un-coreable,

being reduced to dust.

Prematur Simulator Studies. Extensive premature simulator testing

has been directed toward assessment of the teaction threshold of

Composition A-3 explosive with perfect and defective loads. A summary of

these results is presented in Figure 23. The pre-1973 A-3 loads with 1/4"

to 1" base gaps were clearly dangerous. This situation confirmed a 1969

series of gun fired experiments. The pre-1973 A-3 loads which did not

have gaps had a safety factor of at least two to one. In 1973, a new

Comp A-3 bulk density specification was imposed. This specification

had the effect of producing a more structurally sound load and reduced

the shock sensitivity of the explosive. Following thermal cycling, the

new A-3 developed cracks which slightly increased it" sensitivity.

Even in this case, new Comp A-3 is approximately as sensitive as the

best pre-1973 Comp A-3.
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A similar experiment was performed with Explosive D with the results

indicated in Figure 24. Note that with regard to gun launch safety,

Comp A-3 (a sensitive explnsive) can have a reaction threshold equivalent

to Explosive D, a very insensitive explosive.

Detonator Shock Sensitivity. The MARK 54/MARK 55 auxiliary

detonating fuze, Figure 25, uses the MARK 28 detonator which is contained

in the fuze rotor. This fuze was implicated in the 8"/55 and 5"/54

malfunctions in 1972. This detonator is quite sensitive. The acceptance

test for this detonator is a requirement that 100% of tested detonators

will fire if impacted by the firing pin driven by a two-ounce steel ball

dropped from a height of 5 inches. The actual test results indicate that

the minimun, ball drop functioning height was 1.5 inches with 100%

functioning at 1.875 inches. The sensitivity of this detonator is reduced

by vibration and shook. These inputs cause separations in the train.

It was found that plug impact shock can cause this detonator to react

whether in the armed or safe rotor position. Since a properly assembled

fuze is barrier safe, normally only duds result. In a misassembled fuze,

a boosted detonation of the projectile is possible and actually happened

in the 8"/55 NEWPORT NEWS incident. Instances have occurred in which the

MARK 28 detonator reacted after a 4-foot drop test.

MAJOR RESULTS AND DISCUSSION - 8"1155 Program

Ballistic Performance Measurements. Data obtained from the high-

response pressure time instrumenation quickly identified that the 8"
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FIGURE 24

Filler movement in nose of Projectile 0-2 (p -1.471 9/cc, base gap 0)
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reduced charge propelling assemblies exhibited a "chugging" behavior;

see Figure 26. The chugging is the result of poor ignition leading to

pressure waves traveling through the gas column. In about five out of

eight cases these pressure waves became standing shock waves as high

as 10,000 psi in magnitude above the fundamental pressure pulse. The

"chugging" behavior in conjunction with the base fuze was highly suspect

in causing close aboard malfunctions, particularly in view of the fleet

premature history.

Further analyses and experimentation with various propellant

granulations indicated the observed chugging action was related to initial

propellant ignition and subsequent burning. The wave action or chugging

was eliminated by replacing the reduced charge propellant with a larger

granulation propellant.

Data obtained from the instrumented projectiles experiments for

both the full and reduced charge assemblies (see Figures 27 and 28,

respectively, show evidence of cartridge case closure plug impact.

However, the measured peak accelerations are about four times greater

for the reduced charge propelled round than for the full charge propelled

round. The degree of severity of the plug impact depends on the initial

burning conditions of the propellant and charge configuration and determines

the amplitude of the early time high frequency shocks in the projectile.

Shock Analysis. The computed shock responses, presented in Table I1,

for the reduced charge are significantly higher than for the full charge

at most frequencies, from two to five times as much in the high frequencies
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range (3 kHz to 80 kHz). Analyses also indicated that the projectile

will be subject to low frequency oscillation in the barrel and may be

oscillating several cycles after leaving the barrel. Examination of

the physical phenomena involved reveals that the early time high frequency

shocks arise from two sources: the impact of the cartridge case closure

plug upon the projectile base and subsequent engraving of the rotating

band as the projectile enters the rifling. The subsequent low frequency

shocks arise from the presence of pressure and standing shock waves in

the gas column. Use of the concatenation process to combine both the

high and low frequency shock inputs permits computation of the total shock

spectrum. A comparison of the total spectrum computed by the concatenation

process with early time and funlamental pulse spectra used in earlier

analyses of gun setback shock is presented in Figure 29.

Simulation Studies. Results of the plug impact, chugging and out-

of-bore drag are presented in Tables IV and V and Figure 30, respectively.

These data indicate that either plug impact or chugging, or a combination

of both, would sufficiently damage the base fuze anti-creep spring

assembly as shown in Figure 31, to permit fuze functioning under low

level decelerations of about 3 g's. Such low level decelerations do

occur at muzzle exit (out-of-bore drag) and could occur in-bore because

of the chugging and resulting projectile oscillations.

Thus, the ballistic measurements and laboratory tests revealed that

the reduced charSe asserblies produced a gun environment severe enough to

damage base fuze components which degraded the safe-arm integrity of the
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TABLE IV

PLUG IMPACT SIMULATION DATA

Vhg Anti-Creep Estimated Loss
Fuze I= act Spring Component in Anti-Creep
No. Peak Typel Elongation* Spring Force

Tyg) (Mils) M%

1 40 * 2 Siqle 32 19.4

2 0 ± 5 Complex 5 3.06

3 4o0 *5 1 10 6.06

4 4o 5 2P 13.3

5 4o t 5 26 15.8

6 60 10 42 39.4

1See Fig. 7

lNeaourements made with the plunger and anti-crecp spring
assembly removed from the fuze. leasurements inside the
fuze ware not possible.
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-TABLE V

IN-BORE SHOCK SD4MATION DATA

Plug umber of Anti-Creep Estimated Loss
Fuze Impact Shocks Sivulated Spring Component in Anti-Creep

No. (vHg Ipact) FliigShock Elongation Spring Force
_ _peak (A) Gun - A (mils)_ peak _ kg) Shocks2)

1 4o± .3 Simple 3 47 29.7

2 40 5 Complex 15 15.2

3 - " 2. 12.1

4 40 5 Complex 1 21 3.06

5 40 5 Complex 1 31 12.1

6 - - 1 28 14.2- I
See Fi. 7

05-.nah Air Gun smooth
shock parameters
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fuze to the extent that close-aboard premature projectile explosions were

possible.

CONCLUDING REMARKS

In 5"/38 in-bore and 8"/55 ciose-aboard malfunctions described

above, it was shown that the cause of the incidents was the response of

the projectile components to the severe shock and dynamic loadings

induced by the ballistic environments. To return the subject ammunition

to service, two possible courses of action were available. Either the

projectile components could be hardened to withstand the existing

environment or the detrimental environment would be eliminated. The second

course of action was taken as being the most efficacious solution. This

solution involved the redesign of the propelling charges to achieve

an acceptable ignition and combustion situation.

In the 5"/54 and 8"/45 fuze malfunctions, misassembled fuzes with

overly sensitive detonators were implicated. This situation required

the X-ray of every round of assembled ammunition at a most incnvenient

time-.the Faster Offensive in Vietnam. The explosive movement and

Spremature simulator experiments emphasize the importance of, the nechanical

response of explosives to dynamic loading, The premature simulator has

proven an effective tool in evaluating explosive gun-launch sensitivity

characteristics.

The detonator sensitivity experipients produced results which reflect

upon explosive safety and fuze qualification and acceptdnce policy.

If fuzes are assembled into all-up warheads and these assen*Aies are

subjected to WR-50 type testing, different assemblies may be expected to

give different results.
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MULTI-BURST SIMULATION
Messrs J. H. Keefer and R. E. Reisler
USA Ballistic Research Laboratories

Aberdeen Proving Ground, MD

ABSTRACT

DIPOLE WEST was a series of eleven high explosive experiments con-

ducted by Ballistic Research Laboratories at the Defense Research Estab-

lishment, Suffield, in Alberta, Canada, during the summer and fall of 1973.

Two of the experiments involved detonation of single, 1080-pound charges;

the remaining nine experiments consisted of two 1080-pound charges for each

event, detonated simultaneously to within five microseconds. Both

pentolite and TNT charges were used.

Purpose of the series was to obtain information on the interaction of

shock waves with a real, as contrasted with an ideal, reflecting surface.

Results are to be used to modify hydrodynamic airblast codes. An

additional purpose was to study fireball interaction and torus formation

under double-burst conditions.

Density, particle velocity, stagnation pressure and overpressure were

measured at and near the ground surface as well as at and near the ideal

reflecting plane (midway between charges). Measurement techniques

included pressure transducers, time-of-arrival detectors, high speed

photography and late-time aerial photography.

I. OBJECTIVES

The objectives of the DIPOLE WEST experiments were to examine the air

blast phenomenology of strong shock on shock, shock on fireball, and

fireball flow interactions from the simultaneous detonation of multiple

(two) high explosive charges. Because the only method of studying such

phenomena in the past has been through theoretical hydrodynamic calcula-

tions, major emphasis was given to comparison of the empirical data with

calculations. Subsequent upgrading of the computer codes to incorporate

realistic boundary conditions is anticipated.

The two parts of the experiment (the horizontal charge separation

events and the vertical charge separation events) had sonewhat different

emphases. The horizontal array was designed to examine:

I) The effect of a shock wave on fireball deformation.

2) The effect of a shock wave on fireball rise characteristics.

Preceding page bank



3) The effect of neighboring fireball flow fields on fireball

rise and expansion.

These effects were to be studied as a function of separation distance

and shock strength; the large height of burst (125 feet) was sufficient

that effects of shock reflections from the ground could be ignored. In.
addition, horizontal charge separation events provided a unique opportunity

for the detailed study of interactions of three-dimensional shock waves.

The vertical array was designed to examine:

1) Shock wave interactions with real and ideal reflecting surfaces.

2) The effect of a hard, smooth surface versus that of a rough, soft

surface on shock wave interaction.

3) Shock fireball interactions and fireball growth and rise.

4) The effect of charge orientation by comparison with horizontal

arrays having the same separation distance.

Blast parameters of interest for the study were overpressure, over-

pressure impulse, dynamic pressure, dynamic pressure impulse, propagation
velocity, Mach stem formation, and density.

I. OPERATIONAL PLAN

Operations for the DIPOLE WEST experiment began in the late winter

and early spring months of 1973. A visual survey of the area was carried

out followed by final selection of the site. Contractual arrangements for

explosive casting were made with Canadian Arsenals of Montreal. By June,

the assessment of the environment was complete, the field survey was
finished, and erection of the towers and site construction had begun.

An environmental assessment of the impact of the DIPOLE WEST experi-

ment on the environment was carried out. The conclusions presented were:

1) The test will have no significant adverse environmental impact,
including very little impact on ecological systems and no impact

on endangered species.

2) !he test preparatory activities will have no more than minor

environmental impacts that will be short-lived.

Pertinent details of the assessment, which are published in Reference 1.
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A. Project Description

Project DIPOLE WEST consisted of eleven individual tests using

spherical, high explosive charges cast of pentolite or TNT in a nominal

weight of 1080 poudds. Two charges were simultaneously detonated (to
within five microseconds) for nine of the tests; two tests consisted of

single cnarges to provide calibration information and to provide data for

comparisons with the multiple bursts. Shots 1 through 6 were fired as
parts of the horizontally arrayed series, as presented in Table 1. Charge

suspension heights varied from 124 feet to 134 feet, with separation

distances of 50 feet, 100 feet, and 165 feet. The prairie soil on the

surface was in its natural, hard-packed condition. Shots 7 through 11
were fired as part of the vertically arrayed series, as presented in
Table 2. Charge separation distances were 50 feet and 30 feet, with the

lower charge at heights of 25 feet and 15 feet for the two separation

distances respectively. Ground condition for shots 7 through 9 was that
of natural, hard-packed, smooth prairie soil. For shots 10 and 11, a

rough, soft, absorbent surface was created by furrowing the soil out to a

ground range of 230 feet. Distance between furrows was 14 inches. The

average depth of the furrows was also 14 inches.

B. Site Selection

An ideal area to fit all requirements would need to be level from the

main camera position across the layout to the backdrop. However, such

level areas are not readily available in the south part of the ORES range

to which these operations are now restricted. After a pwliminary survey,

an area was selected 12 miles east of the ORES main laboratory. This area

was extensively examined and surveyed to determine the ground conditions

in detail and to ensure that lines of sight from the main camera position

would provide adequate coverage of all areas of main interest in shock

phenomena against the canvas backdrop and smoke puff array. The field

layout of the site is shown in Figures 1 and 2.

The gun barrels used in previouF blast trials at ORES were installed

a, the DIPOLE WEST site as instrument mounts for elevated pressure gage
measurements. The barrels were lengthened by the addition of 6-inch
diameter, 0.432-inch wall thickness "extra heavy" pipe. The welding and
machine work for this addition and the drilling required for eleven
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pressure gage positions and twelve ABTOAD (Air Blast Time of Arrival

Detector) positions on each barrel was donb by the ORES experimental

model shop.

C. Charge Suspension

The charges were suspended over ground zero by cable between two

200-foot towers. The towers were the conmerically available aluminum

collapsible, walk-up style. They were placed 400 feet apart with ground

zero midway between them. The 5/8-inch wire cable was stretched between

the tops of the towers with the ends run through pulleys, Additional

pulleys at ground level were anchored in concrete bases. A stationary

winch at a position 600 feet south of ground zero provided power for

raising the charges.

Figure 3 is a diagram of the horizontal array charge handling system;

Figure 4 is a similar diagram for the vertical array system, showing in

addition the position of the smoke puff grid, A 3/4-inch manila rope net

svrrounding each charge was coupled to the desired length of cable and

then attached to the 5/8-inch overhead supporting and hoisting cable. In

the later vertical array shots, the use of the manila rope net was aban-
doned because of its bulk. It was replaced by a "seat belt" strap sling

arrang2 nent made from nylon webbing 2 inches wide. This system provided

a clearer space between the two charges. Raising or lowering the charges

was quite easily carried out with the winch system as eescribed above.

All charges were armed on the ground and then raised to the height desired.

As the charges were raised by the power winch, their positions were

monitored from two survey points. When the specified elevations were

reached, tethering ropes attached to the charges were secured and a final

position survey was taken.

The firing cable dropped straight from the charges to the ground and

from there ran directly to the firing box, which was located some 200 feet

from ground zero. Control lines from the firing box lea directly back to

the ORES control bunker.

D. Explosive Castina

Th original plan called for spherical TNT charges similar to those

used in the 1969 height of burst trials;.these charges were produced at
Suffield using the ORES plant, molds, equipment, and the same casting

techniques that had been used for the previous height of burst trials.
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The weight of these TNT spheres was determined by subtracting the amount
of TNT remaining after the mold was filled from that originally used. Two

separate determtnations resulted in an average weight figure of 1080
pounds.

Later, as the program expanded, it was decided that use of pentolite,
rather than TNT, would reduce the probability of jetting or similar
anomalies in detonation. The firm of Canadian Arsenals Limited, St. Paul
LErmite, cast the pentolite charges.

III. DATA ACQUISITION SYSTEMS

The systems used to acquire data on DIPOLE WEST were of two general
types:

1) Systems for recording signals from sensors placed in the blast
field.

2) Hi-speed cameras for recording smoke puff trajectories and the
passage of the shock front over the back drop system.

A. Blast Sensor Instrumentation

Electronic overpressure transducers, electronic stagnation pressure
transducers, mechanical self.recording overpressure transducers, and air
blast time of arrival detectors (ABTADS) were placed in the blast field.

1. Overgressure And.Staination Pressure. The basic units of the
pressure data acquisition system for shots 1 through 6 were 14-channel
magnetic tape recorders (two Bell & Nowell VR-3300's). Eleven channels on
each recorder were used for wide-band (dc to 20 kHz) fm recording of data,
one chainel was used for a mltiplexed signal of time reference and time
zero, one channel was used for time zero only, and one channel recorded an

IRIG 8 time signal. Reproduction heads and associated electronics were
part of the VR-3300 mchines. B & F Instiumnts Model 1-700 signal
cooditioning equipment was used to supply gage excitation, bridge
balancing, and remote shunt calibration. A single step remote shunt
calibration was used to detect system gain changes. CEC 1-16$ amplifiers
were used to amplify the transducer output signal to the level required
as input for the ft recording oaplifiers. The systems were housed in a



recording van. The DRES control bunker equipment supplied timing signals

for the remote operation of the recorders.

The basic units of the pressure data acquisition system for shots 7

through 11 were 32-track magnetic tape recorders (two Sangamo 4784's and

two Bell & Howell VR-2800's). Twenty-two channels on each Sangamo were

used for recording at a frequency response of dc to 80 kHz, six channels

were used for direct recording (400 Hz to 600 kHz) of ABTOAD signals, one

channel was used for time zero, one channel for the multiplexed time

reference and time zero signals, one channel for IRIG B time, and one

channel for a 200 kHz speed reference. Twenty-nine channels on each

VR-2800 were used for fm recording (dc to 20 kHz), one channel was used for

time zero, one channel for the multiplexed time reference and time zero
signals, and one channel for IRIG B. B & F instuments Model 1-700 signal

conditioning were used to supply gage excitation, bridge balancing, and

remote shunt calibration as for the earlier events. A single step remote

calibration was used to detect system gain changes. Newport Laboratories

Model 60 dc amplifiers (dc to 100 kHz) were used with the Sangamo 4784

recorders, and CEC 1-165 dc amplifiers (dc to 20 kHz) were used with the
VR-2800 systems to amplify the transducer output signals to the required

level for the fm recording amplifiers. Manual supervision of the remote
operation of the recorders was provided at the ORES control bunker, as it
was for the first group of shots.

The Bytrex Model HFG pressure transducer was used in the electronic

systems for both overpressure and stagnation pressure measurements. This

transducer has a four-am Wheatstone bridge with two active semiconductor
arms and two duay arms. The semiconductor strain gages are bonded to a
force summing column, which is in turn attached to a force collecting

diaphragm. The basic configuration is that of a 1 l/8-inch threaded

cylinder, three inches long, with a shield over the sensitive area for

the diaphragm to protect it from thermal radiation and debris. The

transducer Js operated with a constant excitation of 20 volts dc and a
nominal full scale output of 100 millivolts. The natural frequency of the

gage varies from 30 to 80 kiz, depending upon pressure range.

The pressure transducers were mounted on the gun barrels with U-shaped
brackets. The bracket arms extended two feet from the barrels so that the

measurement points were not perturbed by the barrel. A side-on over-

pressure gage was mounted on one side with an 18-inch diameter steel
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baffle plate. A stagnation pressure gage within a probe was attached to

the other side of the U-mount. Surface gages were installed in specially
prepared concrete blocks similar to those used in earlier experiments
(Reference 2).

The Bytrex gages were statically calibrated in their mounted

positions. Fer calibration, pressure was applied to each gage in six
equal steps, ranging from 20% to 120% of a predetermined 100% calibration
level. Bottled nitrogen was used as the pressure source. The predicted
peak pressure fell between the 80% and 100% level in each case. The
linearity war checked and a shunt resistor was added which reproduced the

100% level. This shunt calibration was used as a system gain check a few
seconds before actual data acquisition. All gages were recalibrated if it
became necessary to move or remount them for any reason. Dynamic testing
of the gages was performed in shock tubes at BRL prior to their use in the
field.

2. Mechanical Overpressure-Time Gages. Mechanical self-recording
overpressure-time gages were used in the low pressure region. These gages,
which were developed at BA, have a flexible diaphragm as the pressure
sensing medium. The diaphragm is basically a convoluted flexure disc
welded into an lnterchargeable mount. A recorling stylus attached to the
diaphragm records its deflection on a moving micro-honed stainless steel
vegator spring. A fixed stylus on the diaphragm mount provides a
reference position. A third stylus records a time trace (100 Hz) supplied
by a generator within the gage, The recording spring also serves as the
motor. It is controlled to travel at a rate of 3 inches per second. The
gage is activated by means of an externally supplied signal. An arming
switch is located on the upper surface of the gage housing. A static
calibration is given each sensor before using it in the field.

3. /i.TOADs. The ABTOA~s were used to determiie arrival times of the
primary shock waves. Designed and developed by OPIlS (Reference 3), the
detector systew were borrowed from DAES for use on DIPOLE WEST.

ABIOADs were mounted on all four gun barrels. There were twelve
ABTOAD utzits on each gun barrel, four near the ground and eight in an
upper region. Vhe low*r regit. ABTOAS were spaced at one-foot intervals
from cne to four feet awoie the ground. The upper region ABTOADs were
spaced at one-foot intervals from 46 to 53 feet above the ground. The
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lower region ABTOADs were used to check arrival times of the Mach stem;

those in the upper region provided information in the area of the

reflection plane for shots 7, 8, and 11, for which this reflection plane

was expected to occur at 50 feet.

B. Photographic Instrumentation

Provisions for shock profile and shock wave radius-time studies by

photo-optical means were made by setting up a backdrop line against which

the shock wave could be photographed. The backdrop line began at a point

on the MCP-GZ (Main Camera Position - Ground Zero) line 400 feet from GZ

on the side away from the MCP (Figure 2). It extended along a line

making an angle of 800 to the MCP-GZ line to a distance of 325 feet. Ten

30 x 50-foot polka dot pattern canvas drops, like those used on previous

large scale trials at DRES, were employed through shot 8. During

preparations for shot 9, the polka dot backdrops were severely damaged in

a freakish wind storm. Replacements were made from stripe pattern drops

in the DRES inventory for shots 9 through 11.

For particle trajectory analysis, a smoke p'iff grid was produced by

firing charges in an established pattern (Reference 4). The smoke puffs

were placed along a line which passed through ground zero and made an

angle of 800 with the MCP-GZ line on the opposite side from the backdrop

line. Twenty drops (vertical lines of smoke puffs) were used for shots 7

and 8, sixteen were used for shot ll.'and nine for shots 9 and 10. Verti-

cal spacing of the puffs was five feet, starting at three feet above the

ground and extending through 58 feet. There were thas a total of twelve

smoke puffs per drop. Horizontal spacing varied. For shots 7, 8 and 11

(25 and 75-foot heights of burst) the smoke puff drops began at 25 feet

from ground zero with 10-foot spacing. At 45 feet from GZ the spacing

changed to 7 feet, and then again to 5 feet at 80 feet from GZ. For shots

9 and 10 (15 and 45-foot heights of burst) the same spacing was used,

except that in this case only the first nine drops were placed. White

smoke puffs were used for the lower six stations on each drop for

contrast with the prairie background, while red smoke puffs were used at

the higher positions for contrast with the sky.
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IV. DATA REDUCTION

A. Photo-Optical Analysis

The data analysis for the photo-optical results is being carried out

by Professor John Dewey at the University of Victoria, British Columbia.

Basic film reading equipment is now available there and the necessary

computer program analysis systems have been developed.

1. Shock Front Trajectories. A computer program, REDUCE, has been

written for the shock wave analysis and tested with data from the 1969

Height-of-Burst series. This program provides geometrical scaling in

terms of the surveyed positions of the camera, charges, and photomarkers,

and reduces the photogrammetric shock wave data to distance-time values.

A further geometrical correction is required because the shock front

trajectory viewed from a fixed camera position lies along the semicircular

path for which the camera-GZ line is a diameter.

The resulting shock radius-time (R-t) data is then fitted by a least

squares program to a curve of the form

R = A + Bt + C tn(l 4 t) + D 41n(l + t).

The data are weighted inversely with observed radius so as to obtain a fit

with constant percentage error throughout the range of the input data.

Outputs from this second program, SHOCK, are fitted shock radius values,

scaled times and distances, shock velocity, peak particle velocity, peak

overpressure (in both atm and psi), and peak density ratio. The program

also provides Calcomp graphic display of the output.

The above ad hoc equation has been found valuable for describing a

wide variety of monotonically decaying shocks. It satisfies two

appropriate boundary conditions; namely, that at t = 0 the shock radius

may have a positive or negative finite value, and that as t - - the shock

velocity asymptotically approaches the ambient sound velocity. A section

of film tdken of one of the 1969 tests has been processed with these

programs, and results compare favorably with Brode's theoretical

calculations for a spherical TNT explosion (Reference 5).

Graphs of overpressure versus distance will be constructed from the

DIPOLE WEST photographic data. These will be compared with the pressure

transducer measurements as well as with theoretical models.

1463



2. Particle Trajectory Analysis. The program for the evaluation of

the particle trajectories was developed by Dewey and is somewhat more

involved than that for the shocks, and is still under active development.

The principle for the analysis is as follows:

From the film records, the initial coordinates (x0,Yo) and the

coordinates (x,y) at any time t, are measured for each smoke puff. These

data are then fitted to functions of the form

x = X(xo, Yo' t) and y = Y(xo, Yop t).

The velocity components at any time or position in the flow field are then

obtained from

u = !and v = 3.

at at

The density field is given by

aX aY
ax 3Yi~
ax0 ax0

ax av
ay 0 ay 0

This analytical technique is now being successfully applied to laboratory

data obtained from Mach reflections in shock tube flows.

B. Pressure Transducer and ABTOAD Data

Digitization and plotting of air blast pressures recorded on magnetic

tape were carried out by the Albuquerque office of GE-TEMPO, using

equipment, personnel, and computer programs available at Air Force Weapons

Laboratory (AFWL). The 14-track tapes used for Shots 1 through 6 could be

handled directly. The 32-track tapes used for Shots 7 through 11 were

first taken to the DNA PlaybackCenter at Nevada Test Site, where they

were dubbed to 14-track format before being brought to Albuquerque.

First, the calibration tapes made prior to each shot were digitized

arnd the digits were listed. These tapes contain comnparisons between the
pressure calibrations and the electronic or shunt calibrations. The

digitized calibration levels were 4veraged and compared by hand. In all

cases the shunt calibration was within three percent of the pressure

calibration, and in most cases it was within one percent.
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The pressure equivalents of the shunt calibrations were punched on

cards, along with sampling rates, titles, and other required information.

Data from events 1 through 6 were sampled at 100 kilosamples/second. For

Shots 7 through 11, data from the Sangamo recorders (designated on the

plot titles as systems one and two) were sampled at 400 kilosamples/

second and data from the Bell & Howell VR-2800's (systems three and four)

were sampled at 200 kilosamples/second. AFWL then prepared a computer

tape containing digitized shunt calibration and data files for each

channel. Information from the cardn appears as a header on each file on

this tape.

The direct recorded ABTOAD and time zero signals were handled in the

same way. The time zero files were listed so that times from start of

digitizing to time zero could be determined accurately.

Next, the digitized data were run through a computer program, ADDGEN3,

which equilibrates the pressure from the header information to the shunt

calibration level and then applies this to the data file for each channel.

Outputs from ADDGEN3 are large working plots and "engineering unit" (EU)

computer tapes. The EU tapes were used, finally, as input to another

computer program, ROTATE, which prepares the small plots. The EU tapes

were also used for calculation of Mach Numbers and dynamic pressures from

the overpressure and total pressure records.

V. RESULTS

The eleven tests of the DIPOLE WEST series were successfully carried

out between 6 July and 8 November 1973, using the same basic layout for all

shots. Presented in Tables 3 and 4 are the firing data and environmental

conditions for each of the shots. Fireball anomalies of very minor

significance were observed on all the shots. Most of these anomalies

occurred in directions which did not affect the instrumentation. An

exception to this was Shot 7, in which a jet traveled out directly along

the gage line.

A single pentolite charge, fired successfully on July 6, 1973, was the

first of the eleven shot series. This calibration shot served to check

out the dynamic response of the instrumentation, as well as to provide data

from a single charge that could be compared with the double charge data.

This single pentolite charge produced a symmetrical fireball and

classical, exponentially decaying pressure-time histories. Comparisons
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of the pressure-time waveforms recorded at 50 feet north of GZ with those

recorded at 50 feet south are shown in Figure 5.

The second shot was the first of four double burst events in the

horizontal array part of the series. The two charges for each of these

events were approximately the same distance above the surface. For Shots

2 and 3 the TNT charges were approximately two, and one fireball radii

apart. lhe measured air blast parameters along the ground surface are

plotted in Figures 6 and 7. A Mach stem was formed on the ideal reflecting

plane (the ideal reflecting plane was in the vertical plane midway between

the two charges). Depending upon the charge separation distance and the

location of the stations in relation to the gage centerline some gage

stations were in the Mach region and some were in the regular reflection

region. Thus pressures on Shot 2 measured at the ground along the center

of the gage line were higher than those measured ten feet to either side.

This is shown in Figure 6, where pressures for the stations at 20, 30, and

40 feet are noticeably below those measured at other stations. On Shot 3,

the charges were closer together, 1 charge radii, resulting in the Mach

stem on the ideal reflecting plane growing faster than on Shot 2. For

Shot 4, agreement between the pressure time records obtained at the two

points on the ground 82.5 feet north and south of GZ was excellent, as

illustrated in Figure 8.

The air blast parameters at ground level for Shot 5 are plotted in

Figure 9. With a 100-foot separation between charges, the growth of the

Mach stem away from the ideal reflecting plane is relatively slow, and

the data indeed show that the Mach stem had not reached a height of ten

feet, or maybe more correctly a width of 20 feet, when it arrived at the

20 and 30-foot ground stations. These stations, as previously mentioned,

were off-set ten feet from the reflection plane and were in the regular

reflection region. The incident and reflected waves at these stations

are clearly shown in the records. The blast parameters for Shot 6 are

plotted in Figure 10. The only surprise was the maximum overpressure at

90 feet along the surface was 15% lower than expected. This single TNT

charge produced a relatively symmetrical fireball and classical,

exponentially decaying pressure-time wave forms.
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The quality of records from the seventy-eight channels of electronic

overpressure and total head pressure instrumentation fielded on Shot 7 was

good, even though the anomaly along the gage line produced some unusual

features. The influence of the jetting is evident near the ground surface

and near the ideal reflecting plane at 50 feet.

Good pressure time information was also obtained from Shots 8 and 9.

The air blast parameters are plotted in Figures 11 and 12. As mentioned

previously, Shot 9 data was recorded without a zero time reference.

Quality of data was otherwise good.

For Shots 10 and 11 over the soft rough surface good pressure time

data was recorded as shown in Figures 13 and 14. The arrival time over

the roughened surface was longer as shown in Figure 15. The overpressures

over the rough real surface was lower than over the ideal reflection

surface.

VI. DISCUSSION OF RESULTS

The pressure pulse from the DIPOLE WEST vertically arrayed charges

appeared, at the close-in ground surface gage stations, as though it had

been produced by a single 1080-pound charge. In Figures 16 and 17, data

from the TNT height-of-burst series, conducted in 1969 at DRES, have been

scaled to correspond to 1080 and 2160-pound pentolite charge data for

comparison with DIPOLE WEST. DIPOLE WEST Shots 8 and 11 pressure records

begin to look like those from a 2160-pound charge at 10 psi, while on

Shots 9 and 10, the height-of-burst of the lower charge was lower and the

separation less so the transfer takes place sooner, at 35 psi.

Shot 6 of the horizontally arrayed series was a single TNT shot at a

height-of-burst of 133.7 feet. This event provided, as a secondary

benefit, data for the height-of-burst charts developed from the 1969

series.

Diagrams of the progression of the paths of the triple points are

presented in Figure 18 for the vertically arrayed Shots 8 and 11. As

previously noted, the Mach region from the ideal reflecting plane was

almost the same for shots with similar heights of burst. The gage results

correlated well with those obtained by photographic means. A slower

developing Mach stem was observed at the real surface as a result of the

soft, rough ground condition.
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Calculated triple point paths are also shown for the 25-foot HOB

configuration. These-paths are the same because the surfaces were

treated identically (in fact, the prediction was constructed from

symmetry arguments from a single burst calculation). In order to predict

real surface triple point paths, some type of real surface modeling will

have to be included in the code. Ope probable modification is to allow

the surface to absorb energy as the shock wave passes over it. How much

energy different types of surfaces may be expected to absorb is one of the

questions that analysis of the present results is expected to answer.

VII. CONCLUSIONS AND RECOMMENDATIONS

Experimental data was successfully acquired on the rise and

expansion of fireballs and on the interactions of shock waves generated by

multiple bursts in horizontal and vertical arrays. The path of the triple

point and the Mach stem region were identified for two types of real

reflecting surfaces and for an ideal reflecting surface at heights of

burst of 15 and 25 feet.

Differences in shock wave arrival time and maximum overpressure

measured at various points are seen to exist depending on whether the

ground surface is hard and smooth or soft and rough. These differences

appear to be small, however, and this may indicate that the method used

for softening and roughening the surface was not adequate.

Blast parameters such as dynamic pressure, dynamic pressure impulse,

particle velocity, and density were undergoing data processing at the time

this paper was written and hence were not available for analysis.

Limited initial comparisons with theoretical calculations show good

correlation, however. Further conclusions must await analysis of the

final data.

In light of present knowledge, the following recommendations are made:

1) Additional experiments should be conducted with double bursts to

allow for further examination of multiburst phenomena. Areas of

interest are the examination of scaling relationships and the

evaluation of short duration flows over different ground surfaces.

2) Multiburst experiments with different sized charges and/or non-

simultaneous detonation should be considered.

1468



3) Data gaps in the HOB chart above 7.2 feet (scaled to one-pound

charges) should be filled by detonating small charges at high

levels.
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Figure 12. Air Blast Parameters at Ground Level Versus Ground Range: Shot 9
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Figure 16. Comparison of Overpressure Data from Shots 8
and 11,with Data from HOB 1969 Series
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Figure 17. Comparison of Overpressure Data from Shots 9
and 10 with Data from HIOB 1969 Series
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MEASUREMENT OF PRESSURES AND IMPULSES
OF GASEOUS EXPLOSIONS AT HIGH

INITIAL PRESSURES

by

A. B. Wenzel

Southwest Research Institute
San Antonio, Texas

ABSTRACT

This paper presents the results of laboratory scale experiments based
on a model analysis using Hopkinson's and/or Sachs' scaling laws of gaseous
explosions in an oil or gas well bore as a function of initial pressures.

The pressure-time history of various mixtures of oxygen-methane
and air-methane at high initial pressures was recorded. Theproperties of
the gaseous explosion were measured using piesoelectric and piesoresistive
transducers. All conclusions made were derived from the o s.put measure-
ments of transducers. The results of this program show that the detonation
pressure-time history can be controlled by varying the gas ratio mixtures
and the initial confined pressures. Also, at stoichiometric mixtures the
peak reflected pressure was found to be 75 times greater than the initial
pressure. Gaseous detonations have the advantageous characteristic that
they yield low peak pressures and high impulses relative to other types of
explosives, making them attractive for mining, quarrying, and/or oil and
gas recovery techniques.

INTRODUCTION

Gaseous explosions have been experienced ever since man began
handling quantities of volatile solvents and combustible gases. Numerous
accidents involving gaseous explosives have been recorded in the literature
and summarized in Reference 1. All of the accidental explosions reported
in Reference 1 involved the explosion of unconfined vapor clouds produced
by the dispersion of flammable liquid or vapor spills.

Gaseous explosions have been studied experimentally and analytically
by many investigators. The literature is full of references concerning the
work done in this area. However, all of the work cited in the literature re-
fers itself to either of the two kinds of gas explosions, which are:
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deflagration and detonation. Furthermore, all these investigators studied
these explosions at atmospheric or subatmospheric pressure conditions.

Deflagration denotes the simple burning of a gas mixture, with the
flames being propagated almost entirely by thermal conduction in the gas.
They propagate at up to sonic speed in the gas mixture, and the flame tem-
peratures can be calculated by elementary thermodynamics. Pressure rises
can also be calculated from the increase in the number of moles of gas and
the temperature rise. Flame speed is slow enough that the pressure rise
can be largely dissipated by an outward gas flow which is simply a wind.

Detonation in gases is similar to deflagration in that it comprises a
flame running through the gaseous mixture with the evolution of heat and a
resultant pressure rise. They differ in that detonation propagates at super-
sonic rather than subsonic speeds and generates a shock wave. Blast pres-
sures can be up to a thousand times as high as burning pressures, but are
usually on the order of five to ten times as high.

More energy is required to initiate a detonation than to ignite a de-
flagration. However, a deflagration can shock up to a detonation. The
amount of energy needed to initiate a full-blown detonation is variable with
gas composition.

Detonation velocities also depend upon gas composition, and for the
case of hydrogen, methane, ethane and propane-oxygen mixtures, the burn-
ing velocity is considerably lower for either lean or rich fuel mixtures than
at stoichiometric mixtures. Z*

A common characteristic of gaseous explosions is the fact that the
peak pressures generated are considerably lower than a solid pr liquid ex-
plosive, but the time duration phase of the pressure-time history (i. e., the
Impulse) is much longer than that of solid or liquid explosives. This charac-
teristic is what makes gaseous explosions so destructive when lotdlng a
structure. The loading of structures by gas explosion is still of the impulsive
type, in spite of longer durations than for condensed explosives. That is,
the duration of loading is in many cases of the order of, or smaller than,
the characteristic response time of the structure corresponding to its natural
frequencies.

As pointed out earlier, to the author's knowledge, the study of gase-
ous explosives at high initial pressures has not been previously invest!gated.

The motivation for undertaking such a study came as a result of some
relatively recent work conducted by Blackstone and Wenzel, 3 where ozygen-
methane mixtures were studied at cryogenic temperatures. These studiez

Superscript numbers denote references listed at the end of this paper.
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revealed that this explosive mixture was more encrgetic than Pentaerythritol-
Tetranitrate (PETN) and appeared to have about the same degree of handling
hazard as PETN and was three times as safe as nitromethane and five times

as safe as n-propyl nitrate. 3-4

These results suggested the possible use of this type of explosive for

mining, oil and gas stimulation, and oil shale retorting applications.

Since the majority of the above mentioned applications would require
the use of this type of explosive mixture at initial pressures of several orders
of magnitude greater than atmospheric pressures, a program to investigate
gaseous explosions at high initial pressures was undertaken. This pr.per
presents the results of laboratory scale experiments based on a model analy-
*is of a gaseous explosion in an oil or gas well bore.

The pressure-time history of various mixtures of oxygen-methane
and air-methane at high initial pressures was recorded. The properties of
the gaeeous explosion was measured using piezoelectric and piezoresistive
transducers. All conclusions made were derived from the output measure-
ments of the transducers.

DESIGN OF THE EXPERIMENT

To measure the properties of the gaseous explosion as a function of
initial pressures, an experimental apparatus was designed such that the ex-
plosive gas mixture could be thoroughly ignited at specific initial pressures
and at known gas ratios, with an instrumented firing chamber which could
readily be modified to, vary gases, ratio of gas compositions, pressures,
and firing chamber configurations. The rationale for the design of the appa-
ratus was based on a model analysis of an oil or gas well bore where the
detonation takes place at or near the bottom of the hole. Hole diameter.
hole length, initial pressure, initial temperature, fuel-oxygen ratio, total
explosion energy, explosion pressure, explosion temperature, and time
were the parameters considered to derive the scale factors. A detailed
discussion of the derivation of the model law based on Hopkinson's and/or
Sachs' scaling laws is given in Reference 5. This model law not only guided
the design of the test apparatus but also helped interpret the results from
the scaled experiments. The overall test apparatus designed and built for
these tests is depicted schematically in Figure I.

A brief discussion of the charging system, the test chamber, the
firing system and the instramentation are discussed in the following para-
graphs.
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Gas Charging System

Oxygen, methane, and air used for these tests were obtained commer-
cially in 330-ft3 bottles. Each gas was fed individually at a regulated pres-
sure through a metering orifice and high-pressure t.ubing to an air-operated

solenoid valve. The pneumatically operated valves were electrically con-
trolled by switches located in the control center. From the air-operated
solenoid valve, the gas flowed through a 20, 000-psi check valve to either

the accumulator or directly to the test chamber, depending on the initial
test pressure desired. To control the quantity of gases supplied to the test
chamber and obtain proper mixing, it was decided to feed the gases into a
mixing chamber, through orifices for which the flow was at sonic velocity.

Different orifice sizes were selected to control the gas mixture and
to measure their effect on the pressure time history of the explosion. The

chemical reaction of the gases considered (methane-oxygen and methane-air)

was assumed to be as follows:

CH 4 +202 -e CO + 2H20 (1)

CH 4 +20a +Z (3.78)(N 2 ) 4 oC O 2 + ZH20 +7.56N (2)

The metering orifices function on the principle of critical mass flow. This
approach was chosen because it appears practical and feasible for controlling

downhole mixtures in an operational system.

The mass flow rate equation for sonic flow is given by

W CAP (R) (...r((Y)

where

W nass flow rate

C * orifice diacharge coefficient

A z throat area of ovifice area

P = upstream absolute gas pressure

g = gravitational constant

y = ratio of specific heats of working gases

R gas constant (universal gas constant/moleoular weight)

T upstream absolute temperature
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The derivation of this relation assumes isentropic discharge, negligible up-
stream velocity relative to the discharge velocity, and uniform discharge
velocity distribution, including negligible boundary layer formation.

For all the test conditions, the source pressure was always twice or
greater than the final mixed pressure in order to use the sonic flow equations.
Relating to Eq. (1), the ratio of the molecular weights of oxygen (02) to
methane (CH4 ) is

0
4 (4)

CH4

Assuming that the initial pressure, temperature and the orifice coefficients
are the same for 02 and CH 4 , then applying Eqs. (3) and (4) enables one to
calculate the orifice size for stoichiometric mixtures.

Other percentages of stoichiometric mixtures for oxygen or air can
be computed from the following equations:

0 (o.367c) ) X 100 (5)

%Air c (0.0814) x 100 (6)

where D D and D are orifice diameters.:~ ~~0 whreDZAi r an CH4

The initial pressures in this piogram were varied from atmospheric
up to 1500 psi. To achieve the higher initial pressures, an accumulator and
a high pressure pump were used. The accumulator consisted simply of a
I-I/2-in. 1.D., 3-in. O. D., 40-3/4-in.-long steel tube, The gaseous mix-
ture was held in this tube at 500 to 1000 psi and then pumped to the desired
level. The high-pressure pump was a 3000-psi gas compression head driven
hydraulically by a remotely located air pump. For these tests, a 60, 000-psi
check valve and a manually operated needle valve wiere installed in the flow
line between the gas compression head and the test chamber. This was
thought necessary to ensure that the gas compression head was not damaged
by the high pressures generated when the explosive mixtures were detouated.
Figure 2 shows the experimental setup with the accumulator, high-pressure
pun p and check valve.
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Test Chamber

To check the scaling laws, the test chambers used in this program
were designed in accordance with the model law given in Reference 5 to
simulate an 8-in. 0. D. by 50-ft-deep hole located in the pay zone (i. e., the
pay zone may well be located several thousand feet below the surface, which
would affect the initial pressure in the pay zone). There were essentially
two basic test chambers used throughout this program: one referred to as
the large chamber consisting of I/2-in. I.D. by 60 in. long, with a wall
thickness of 1/2 in., and the other test chamber referred to as the "small
tube" consisting of 1/4-in. I. D. test chamber by 30 in. long. These cham-
bers were designed to withstand pressures in excess of 100, 000 psi. Figure 3
shows the experimental setup utilizing the "large test chamber" without the
accumulator chamber. Note that this test setup was instrumented with strain
gauges mounted at four equally spaced points along the exterior wall for
sensing pressures and detonation wave arrival times. A quartz piezoelectric
pressure transducer was mounted at the bottom oi the chamber to record
reflected pressure-time histories. Filling and venting were done via the
mixing head mounted in the top of the test chamber, and the firing squib
system was mounted through the chamber wall near the top.

Firing System

Different spark systems were attempted to initiate the gas at high
initial pressures. These systems varied from ordinary high voltage spark-
gap wires to automotive-spark plugs. Although initiations were obtained
with these devices, the data were not repeatable. Therefore, an electrical
pyrotechnic squib mounted across the spark plug gap was used as a firing
device. The squibs were ignited by a current supply from a 6.volt battery,
controlled from a firing switch located in the control center.

Instrumentation

The primary dynamic measurement made in this program was the
reflected pressure at the opposite end of the tube from where detonation of
the gas mixtures was initiated. The instrumentation system used for this
purpose, shown in Figure 4. consisted of a 0 to 100. 000-psi range piezo-
electric transducer connected to a charge amplifier, with the output of the
amplifier connected to a cathode ray oscilloscope for photographic record-
ing of the pressure-time data trace. The oscilloscope was triggered from
the firing switch. initiating the ignition system used on each test. Two
examples of pressuve data recorded on film using an oucilloscope are pre-
sented in Figure 5. Note the familiar fast rise time and exponential decay
pressure-time record experienced in detonation measurements. Subsequent
pulses represent reflected waves which have traveled back and forth through
the test chamber. In some cases, where the particular test conditions
caused a delayed detonation, a magnetic tape recorder was used in parallel
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to record the pressure data. Figure 6 illustrates pressure measurements
made using the magnetic tape recorder.

As mentioned earlier, the pressure chanber was strain-gauged on
the outer surface at four stations along the length of the tube. These mea-
surements provided time of arrival data from which the velocity of the pres-
sure pulse generated was obtained. Because of the wide range of pressures
expected at the start of the program, including pressures lower than 10, 000
psi, and the thickness of the tube, external strain levels estimated from
thick-walled cylinder equations were of the order of 50 Iiin. per inch. To
obtain a good voltage signal above the magnitude of the "noise" that is in-
herent in this type of dynamic testing, semic( iductor strain gauges were
used to measure the time of arrival. Theoretically, the magnitude of the
side-on oressure generated inside the tube can be derived from the strains
measured. However, because of the content of noise on the recorded strain
data, interpretation of the magnitudes proved futile.

TEST PROGRAM AND RESULTS

There were 80 shots fired during this program. Several gas mixtures
were used with the larger of the two test chambers, and only one gas mixture
was tested in the smaller test chamber to determine the effect of scaling.

The program was essentially subdivided by the percent of stoichiomet-
ric mixture of oxygen to methane and percent of stoichiometric ratios of air
to methane. This division is summarized in Table I.

TABLE I. SUMMARY OF TEST PROGRAM

%O toCH2 4 Size of Test Chamber

112 large
112 small

229 large
72 large
57 large
23 largo

% Air to CH 4

73 large
93 large
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A discussion of the results obtained for each different setup is given
below.

lZ 0o to CH
2 4

Initial tube pressures ranged from 0 to 800 psi, and peak reflected
pressures ranged from 575 to 63, 000 psi. These results are plotted in Fig-
ure 7. For this case, the normally reflected pressure (P.) appears to be a
linear function of the initial test chamber pressure (po). The slope of the
line (Pr/Po) is 75. For the shot that yielded 63, 000 psi, the center of the
spark plug was blown out.

During these tests an attempt was made to alternately and separately
introduce the gases into the pressure tube. Detonation was not achieved in
either case.

From the pressure-time histories, the approximate specific Impulse
was obtained by integrating the area under the trace obtained. Impulses for
this series of tests ranged from 0.2 to 31.5 psi-sec. Figure 8 is a plot of
the specific impulse versus initial test chamber pressure. The values seemed
to group into a linear relationship.

Detonation velocities were obtained by measuring the time of arrival
of the wave sensed by the externally mounted strain gauges at four stations
located 17 in. apart.

Normalizing all of the strain gauge data to the first station located
near the ignition source, in order to obtain a common initial time base, a
plot of time of arrival versus distance was obtained and is shown in Figure 9.
The time-of-arrival data points shown in Figure 9 were obtained at the wide
range of initial pressures. Although there is some scatter in the points due
to initial pressure dependency, it appears that velocity is not a strong func-
tion of initial pre3sure. ' e author selected to show a linear relationship in
order to extract an average detonation velocity across the initial pressure
range. A value of 7. 550 ft/sec was obtained from the slope of the linear
function selected. This value compared well with the 7400 ft/sec detonation
velocity reported in Referencs 6 and 7. i'rom these measurements, it was
concluded that a sustained detonation of the gas mixture did occur in the test
chamber.

-A series of tests using this etoichiometric mixture was conducted to
check the effects of scaling by using a smaller diameter and shorter test

chamber. Initial pressures tested ranged from 250 to 600 psi. The reflected
pressures ranged from 29, 000 to 79. 000 psi. These results are plotted in
Figure 10 and compared with the straight line obtained from similar tests
using the larger tube. Note that the pressures for the smaller tube are
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greater than those obtained from the larger tube. These differences may
be a result of the experimental setup. Because of the dimension of the small
tube, it was impossible to introduce the initiating squib system through the

side without pre-initiating the squib, damaging it, and/or allowing leakage

in the system. Therefore, a larger diameter initiating chamber was welded
directly to the smaller tube to house the ignition system. Later it was found
that this abrupt change in diameter could have caused an increase in pressure
caused by the multiple reflection generated in the system and also the change
in flow characteristics induced from the change in diameters. Hence, the
multiplier factor was approximately 25% higher than in the larger diameter
tube.

Considering these factors, this difference does not invalidate the
scaling, and perhaps scaling should be further investigated using a larger
diameter tube than those used in this program so that replica models can be
constructed. On the shot yielding 79, 000 psi, the pressures were great
enough to blow out the tubing immediately above the test chamber. The Im-
pulses obtained from this series of tests ranged from 3. 0 to 13.4 psi-sec
and are plotted in Figure 11. According to the model law, impulses scale
directly with the scale factor X . For this particular test, the smaller tube
was one-half the dimension of the larger tube, and, therefore, to compare
directly, one must multiply the impulse obtained with the smaller tube by a
factor of 2. The data obtained compare well when multiplied by a factor of
2. 5, but data scatter is great enough that the scaling law is not necessarily
invalidated. The time of arrival when applying the scale factor of 2, 5 com-
pared well with the times Qbtained with the larger tube.

229% 0 to CH
2 4

These tests were conducted to measure the effects of' an oxygen-rich
mixture consisting o( 229. 0% of 0 2 to CH 4 . The initial pressure tested was
500 psi, and the reflected peak pressure measured was 65, 000 psi. On this
shot, the transducer diaphragm was damaged beyond repair. Even though a
peak pressure was obtained, the trace record was not good enough to measure
an impulse, primarily because of the very short duration of the pulse. Be-
cause the transducer was damaged, there is a question on the validity of the
pek pressure measured. The time of arrival was 0.7 millisecond, This
shot was repeated, introducing a new Kistler 607-C4 transducer. The record
obtained was difficult to iuterpret, and, therefore, no data were obtained.

73% 02 to CH 4

These tests were conducted to measure the effects of an oxygen lean
mixture consisting of 73% of 02 to C1 4 .
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Initial pressures ranged from 125 to 650 psi, and the peak reflected
pressures ranged from 2500 to 66, 000 psi. These pressure data are plotted
in Figure 12 and compared with the line given in Figure 7. A line drawn
through the data points produced a ratio of (Pr/Po) 9 36. This is roughly
half of the multiplier factor obtained at 112%. Impulses ranged from 2.6 to
7.2 psi-sec, which were considerably lower than those obtained at 112%.
These results indicate that for oxygen lean mixtures the peak pressure and
impulses are reduced. However, the impulses are still relatively high.

The average velocity obtained from the strain gauge time of arrival
was 9280 ft/sec. Note that this is a higher value than the one obtained at 112%.
However, since all of these data were normalized to the first strain gauge lo-
cation, not knowing the scatter at this location, the absolute differences in the
velocities could be considerably lower. As pointed out in Reference 7, wide
variance in both detonation velocities and pressures can be obtained by simply
changing gas mixture ratios. This was apparently observed in these experi-
ments.

57%0 0 to CH 4

Initial pressures tested were at 500 psi and 1500 psi, respectively.
The reflected peak pressures obtained ranged from 20, 000 to 30, 000 psi, for
a constant setting of 500 psi. At the initial pressure of 1500 psi, no reflected
pressures or impulses were recorded because of an error in oscilloscope set-
tings, However, considerable damage was experienced on this test. The ig-
nition squib-spark plug system was completely blown out of the test chamber,
allowing the gases to vent to the test building. Considerable damage was done
to the building. The pressure transducer was also damaged beyond repair.
Although no data were measured, our previous experience in this program
-indicated that any time a pressure line ruptured and the center of the spark
plug was blown out, the pressures exceeded 60, 000 psi. Furthermore, blow-
out of the pressure lines occarred at 79, 000 psi. From these observations,
one can summarize that, in order to completely blow out the transducer from
its hi h-pressure fitting, the pressures must have exceeded 60, 000 psi, and
perhaps could have been greater than 80, 000 psi.

23%0 2 toC H 4

All the tests at this mixture were conducted at an initial pressure of
S00 psi. A modification to the ignition system was made for some of the tests
conducted with this mixture,

Tests iuitiated with the squik-spark plug system described earlier
yielded reflected peak pressures which scattered from 8800 to 39, 000 psi.
The impulses scattered between 3. 1 and 8.7 psi-sec. When two squibs were
introduced, the reflected peak pressures varied between 53. 000 and 62, 000 psi
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for a z:onstant 500-psi initial pressure. The impulses ranged between 10. 0

and 10. 3 psi-sec.

From these tests it appears that the method of ignition is very impor-
tant in the efficiency of the detonation produced. Nevertheless, the pressures
produced at high initial pressures are considerably greater than those pro-
duced at 100% stoichiometric ratios at atmospheric pressures.

Air-Methane Mixtures (73% and 93% Air to CH 4 )

The purpose of these tests was to measure the effects of two ratios of
air-methane mixtures. Three tests were conducted uning mixtures contain-
ing 73% air to CH 4 . The first shot was initiated with a one-squib system at
500-psi initial pressure. The time required to ignite the squib was 30 sec-
onds. No data output was recorded from the transducer. Direct observation
revealed that the test chamber was warm,. and a small amount of carbon was
found in the exhaust line, suggesting that a low-grade reaction might have
occurred. The second shot was a repeat of the first except that two squibs
were used in the ignition system. The results were the same as the first
ttst.

The third test was conducted utilising two squibs for ignition at 1000-
psi initial pressure. The results were the same as before, experiencing a
definite thermal gradient from top to bottom of the test chamber. The lower
portion of the test chamber was warmer than the upper.

OCne test was conducted with a mixture of 93% ;kr tO CH 4 . The initial
pressure for this test was 1000 psi, and two squibs were used for ignition.
The pressure record from this test showed a very slow buildup of pressure
to 2500 psi maximum and was sustained at this level for a period of approxi-
mately 0.5 second. This result implies that the mixture berned and did not
detonate. At this point, it was decided that either a better ignition system
was needed to drive this mixture to detonations or one must utilize a s*,oi-
ctiometrIc 0 2 -CH 4 mixture with various percentages of air or nitrogen.
The results of this program indicate that this new mixtur may reduce the
peak realected pressures generated from a stoichlometric mixture reaction
and perhaps increase the impulse.

CONCLUStONS

The principal conclusions and observations reached as a result of the
test conducted in this program are:

(1) For nearly stoichiometric gas mixture ratios of 112. 5% 0 2
to CH 4 , the normally reflected pressure (Pr) appears to be
a linear function of the initial test chamber pressure (p.)
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for the initial pressures tested. The multiplier obtained
from the slope of the line (Pr/Po) is 75. The impulses gen-
erated from this mixture ranged from 0. 2 to 31. 5 psi-sec
and indicated a linear relationship between specific impulse
and initial test chamber pressure.

(2) To achieve detonation with the ignition system used, the work-
ing gases must be introduced at the same time and mixed as
they are being pumped into the chamber.

(3) The pressure data obtained in the smaller diameter tube were
greater by approximately 25% than those obtained in a larger
diameter tube, for tests using the same (112.5%' 02 to CH 4 )
gas mixture ratio. This difference was attributed to the smaller
tube not being a replica model of the large tube, and, therefore.
it was felt that this difference did not invalidate scaling. The
same percentage difference was observed In the impulse data,
and the same conclusion drawn from the pressure data applies
to the inipulse data.

(4) Gas mixtures of 2Z9% 0 to CH 4 yielded inconclusive results
due to damage of the transducers. On one shot the reflected
peak pressure measured at 500 psi and initial pressure was
65, 000 psi. This pressure was considerably higher than the
pressures measured at near stoichiometric mixtures for the
same initial pressures.

(5) At an oxygen-to-methane mixture of 73%. a linear function
was again established between initial and reflected pressures.
A ratio of Pr/Po O 36 was obtained for this mixture, which is
roughly half of the multiplier factor obtained at near stoichio-
metric ratios. The impulses obtained for this ratio ranged
between 2.6 and 7.2 psi-sec, which are much lower than the
values obtained near stoichlometric ratios. The average deto-
nation velocity obtained for this ratio was 9Z80 ft/sec.

(6) Gas mixtures of 57.3% 0 to Cl- 4 yielded similar results in
pressure and impulse to ehose obtained at 72% OZ to CH 4 , with
larger scatter in the pressure data than in the impulse data
for a constant initial pressure of 500 psi. At 1500 psi initial
pressure. considerable damage to the experimental vetup and
transducer was experienced. From experimental observations
it was concluded that the pressures must have exceeded 60. 000
psi, and perhaps could have been greater than 80. 000 psi for
the damage experienced.

(7) Gas mixtures of 23% 02 to CHI4 yielded large scatter in pres-
sura and itapulse data for the same initial pressures when
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initiated with a single squib system. For the same initial
pressures using a double squib ignition system, the pressures
and imnpulses were considerably larger than the single ignition
system, suggesting that !he method of ignition is very impor-
tant in the efficiency of the detonation produced.

(8) Air-methane mixtures tested up to 1000-psi initial pressures
did not produce high order detonation with the ignition systems
used. However, large impulses were experienced.

(9) From the results obtained in this test program, it has been
shown that the detonation pressure-time history can be con-
trolled by varying the gas ratio mixtures and the initial confined
pressures. Gaseous detonations have the advantageous charac-
teristic that they ield low peak pressures and high impulses
relative to other types of explosives, making them attractive
for mining, quarrying, and/or oil and gas recovery techniques.
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PRESSURE RELIEF AND DECAY IN INTERNAL EXPLOSIONS

by

R.G.S. Sewell & G.F. Kinney
Naval Weapons Center

China Lake, CA

Damage from hydrostatic pressure rise in an internal explosion can in

principle be reduced by venting to prevent the rise. Venting phenomena are

treated in some detail in a recent report (reference 1). Here basic relations

of thermodynamics and compressible fluid flow provide an expression for rate

of pressure change due to venting, dP/dt, as

d/t CDAP CT[k(2k 1/ 2 -)/k 1

dP/dt= - -/ M k+T(1)

where CD is the discharge coefficient for flow through vent area A, V the vol-

ume of confined gas and R the molar gas constant. Here gas pressure P, its

temperature T formula mass M, and specific heat ratio k are instantaneous bulk

values that may vary during the venting process. The relation presumes adia-

batic conditions.

For internal explos' a of a fuel-air mixture witb appreciable hydrostatic

pressure rise and associated gas leakage through vents, average values for these

variables above can be assigned. A representative average temperature is 2700 K,

a representative formula mass for the gases is 28.9, and a representative spe-

cific heat ratio for them is 1.25. Also a discharge coefficient of unity may

be assigned for transient flow conditions. Then

dP/dt -725 (AiV)P (2)
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for SI metric units of the meter and the second. It is convenient to write

this relation in the form dP/dt = k2P, where k2, the rate constant for pressure

decay becomes

k -725 (A/V) (3)

Let us consider next, rise rates for the pressure in an internal explosion.

Such an explosion ordinarily results from chemical reactions, rates of which

depend on many items such as effective concentrations. For gases, the affec-

tive concentration is propo)vtional to the pressure. The basic relation for

rate of the chemical reaction of concern here, becomes in greatly simplified

form

dP/dt k kP (4)

where rate coastant k is to be evaluated empirically for the particular explo-

sion of concern.

Comparing rate equations (2) and (4) it can be seen that if the pressure

decay rate of equation (2) is greater tlhan pressure rise rate of equation (4),

no hydrostatic pressure rise occurs. On the other hand if pressure rise rate

is greater than pressure decay rate, the pressure increases and rate of chem-

ical reaction in the explosion increases exponeutially until a maximum pressure

is reached. A critical situatiQn exists where the two rates of pressure change

are equal and opposite. This can be represented symbolically in the form

k + k2 m zero (5)

Rate constant k 2 of above expressions (5) and (3) involves a vent area.

If requirements of equation (5) are met, this area becomes a critical vent

area for that explosion. Vents larger than this prevent runaway hydrostatic

pressure rise and so may greatly alleviate damage effects. Vents smaller than

critical, however, cannot prevent a runaway pressure rise that may be quite

damaging.
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The concept of a critical venting area for an internal explosion is here

applied to two explosion sicuations. The first is a fuel-air explosion in a

confined volume such as a ship comparlment, a grain elevator, or a motor boat

hull. The other concerns a store of propellant, either rocket propellant or

cannon propellant.

For an internal explosion in a confined volume of fuel-air mixture, the

chemical reaction is that of combustion. The rate of this reaction, and also

the associated rate o pressure rise, is proportional to the pressure itself

as noted above. The rate is also proportional to the area of reactiov front

of the combustion fireball. Now it has been observed (reference 2) that for

both thermal and mechanical reasons the surface area of this fireball quickly

approaches the surface area S of the confinin? volume. Also, the pressure

rise caused by a given amount of reaction is inversely proportional to total

volume V of the fuel-air mixture. Pressure rise rate equation (4) cao thus be

written in the form

dP/dt - B(S/V)P

where B is a constant of proportionality whose value is to be determined.

Written in alternative form, d ln P - B(S/V)dt, and integrating from initial

pressure P at time to to pressure P at time t
00

-inPo B(slV)t (6)

Measurements on any intenuel explosions are described in reference 2,

and its extensive data permit ready evaluation of proportionality constant B

of equation (6). Convenient for this purpose are pressure-time traces; these

typically show an expoiiential type of pressure buildup during its early phases.

For evaluation of constant B a point near maximum buildup is selected. For a

typical completely confined explosion, one with no vent, and where Initial

turbulence is induced mechanically

in (P/P0)
B 5 -(. 0 " (7)
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fcr SI metric units of the meter and the second. The corresponding pressure

rise rate constaut of relation (4) becomes

km 5.0 (Sly)

for iaernal surface area S in square meters and confining volume V in cubic

meters, and rate constant k in units of per second. This numerical value

5.0 pertains to en explosion with an initially turbulent fuel-air- mixture.

For ififtial quiescent conditions the pressure rises somewhat more slowly

giving a corresponding numerical value 0.85 for the above rate relation.

For the critical venting areA in a confined fuei-ai-z explosion, this rela-

tion is combined with equation (5), as

5.0 (Sly) - 725 (AMV zero

anid the critical area A* found as

A* 0.007 S (8)

where S is the internal surface of the confining volume. This important rela-

tion indicates that a venting area greater than seven-tenths of one percent of

the internal surface area of a confining volume will prevent runaway hydrostatic

prescure rise in an internal explosion.- This is a relatively small vent. Also,

it is important to note that-the volume of the system to be vented -has no di-
rect effect on critical venting area requirement.

For an internal explosiorn with initially quie4cort ,ondit,-ons the critical

vent area can b* found to be even smallar, only 0.12 percent of confining sur-

face area, or a remarkably small acount, Where venting is for safety reasons

the larger vent, where turbulence is presumed$ would undoubtedly be preferred.

Venting equations (1), (2), and (3) on which the above observations 4re

based actually apply only for hydrostatic overpressures above sme minixum

amount, typically about 0.8 bars (referenice 1), Thus the actual maxipzm pros-

sure rise for an Internal explosion in a critically vented'voluac is about
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0.8 bars; vents larger than the critical vent limit pressure rises, to even

smaller overpressures.

Next let us consider venting a possible explosion of a store of propel-

lant in a container. Here the rate of pressure relief is aso described in

above equations (1), (2), and (3). However, rates of pressure rise follow

relations quite different from the rise rate equations above. For a propel-

lant, gases of the explosion are generated by a surface burn affect at a rate

proportional to the pressure and to the burn surface area SB. Expressed

symbolically

rate of burn aS BP (9)

where a constant of proportionality is to be evaluated experimetally. For a

conventional rocket propellant the linear rate of burn is about one centi-

meter per second at 135 bars, and from this the proportionality constant 13

7.4 x 10-5 meters per second-bar.

To translate such a burn rate into a pressure rise rate, the mass rate is

foud by multiplying by the material density of propellant p. For this a typ-

ical value is 1.65 g/ml, or 1650 kg/m 3 is SI units, as pertains to cellulose

nitrate. Mass rate is then converted to mole rate for gas formation, dn/dt,

by dividing by formula mass M for gasea formed. A typical formula Mass is

28.9 g/mol, or •0.0298 lUg/mol in SI units. Pressure rise rate is then obtained

through the ideal gas law as

RT RT pdP B dn RTBcPSB (10)
F7- Z- - P k 

.0dt 11--" dt = Vi

where R is the molar gas constant, 8.314 x 10 5 bar-m3/mol - K, and TB the

burn temperature, the temperature at .which the gases are formed,. This typi-

cally is about 25000K Ina closed container,

Introducing numerical values Into equation (10) and solving for the pr~s-

sure rise rate constant k as used in equation (4),

k1 -0.88 (S /V) (11)
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for the propellant store with total burn surface SB burning in confined vol-

,,me V. (This is a greatly simplified adaptation of an important equation in

interior ballistics.)

This rate constant is introduced into equation (5) to give

0.88 (SB/V) - 725 (A/V)

and the critical vent area A for this store of explosives found as

A* - 0.0012 S (12)

where SB is the total area of the burn surface. Thus the critical vent area

for a propellant store depends on bun surface and not on volume of its stor-

age container. This conclusion is quite analogous to one deduced above for

the critical vent area for a fuel-air explosion in a confined space.

Burn surface for a propellant depends on both grain size and configura-

tion. Let us select for study a typical cannon propellant with cylindrical

grains 10 mm long, 3 mm in diameter, and a single longitudinal perforation

with diameter of one millimeter. Then by geometry the surface area per grain

is 1.382 cm2, and volume of propellant material per grain to 0.0628 cm3 . For

a bulk loadins density of 0.5 grams per cubic centimeter, each grain represents

0.0628 x 0.5 - 0.0314 grams of propellant load. The surface to mass ratio for

this load becomes 1.382/0.0314 4 44 cm/g, or 4.4 a 3/kg In SI metric units.

Substituting into equation (12) the critical vent for a store of this propel-

lant with mass v becomes

A*- 0.0053 ap (13)

A container with one kilogram of this propellant thus requires a vent vith 53

square centimeters area in order to prevent an initially quiescent burn, as

fro* accidental ignition, from becoming a runavay explosion. In practice, a

reasonable margin for safety is prudent and an appreciably larger vent would

be provided.
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An interesting deduction to be made from equation (13) concerns behavior

of this propellant powder in a typical cannon, for example a 90 m gun. Here

the open gun barrel could be a vent; its vent area is 0.00636 square meters.

The corresponding mass of this propellant for critical venting becomes

0.00636/.00533 or 1.2 kilograms, closely. If an open gun (one without pro-

jectile or wadding) were loaded with more powder than this and it then uni-

formly ignited, the powder would explode, for its gases could not be vented.

On the other hand less than 1.2 kilograms of this powder in the open gun would

not explode; it could only burn but probably with ejection of burning grains.

Next, let us apply the above relations to another limiting situation, that

of a completely unconfined store of propellant. This unconfined store repre-

sents the ultimate in venting rea. For a hemispherical store this surface

area is also the venting area, or w2 /2, where 9 is the length along the diam-

eter of the store. Mass of propellant in this store is given as the product

of volume and loading density, For a loading density of 0.5 g/cm 3 , propellant

mass is 500 t3 /12. Equation (13) with these values indicates that

IA* - W12/2 - C.0053 x 500 x t 3/12

Solving for diameter of this critical store where its surface is also a criti-

cal venting area, this becomes 2.3 meters. Corresponding mass contained in

this store is a limit or critical mass; here this is computed as 1500 kilograms,

or 1.5 metric tons. For a propellant with this grain size and configuration,

then a store of 1.5 tons represents a critical mass. A hemispherical store

larger than this if uniformly ignited always explodes; a smaller store would

show only deflagration with reduced damage potential.

As another application of the above relations let us consider influence

of grain size of a propellant such as a ball powder with its spherical grains.

The rate constant for the pressure rise relation for burning of this powder

can be estimated closely by equation (10); however, for convenience let us

accept burn characteristics similar to those described above, Then the rate

constant of equation (11) is k1 I 0.88 SB/V, where SB is the burn surface area

(_ ) for a powder stored in a container with volume V (a3
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Now the surface for a single grain of this powder with diameter d is wd2

Its voltme is rd 3/6, and for a loading density of 0.6 g/cm3 this volume cor-

responds to an average mass of 600 rd 3/6 (SI units). The burn surface to mass

ratio becomes 0-2 /d, or SB 10-2m p/d, where mp is mass of the powder. Intro-

ducing into equation (12), the critical vent area is obtained as

A*- 1.2 x 10 mi/d. (14)

for SI units of kilograms for mass of propellant, meters for grain diameter,

and square meters for vent area.

Applying this relation to a powder with grains one millimeter in diameter,

the minimum vent area to prevent explosion of one kilogram of this powder is

found to be 0.012 m2 , or 120 square centimeters. For ordinary one kilogram

containers, this is a somewhat unattainable value. Powders with smaller grains

require even larger vent areas which are even more difficult to provide. It

may be concluded that one kilogram stores of such powders if accidently ignited

would always produce explosions that could not be vented.

StUl ¥Y

Critical venting area for an internal explosion is that minimum area needed

to prevent runaway hydrostatic pressure rise. An equation that mathematically

defines this critical venting area is developed from basic considerations of

thermodynamics, compressible fluid flow, and chemical kinetics.

Critical vent area for explosion of a turbulent fuel-air mixture in a con-

fined space is computed from the above relation to be some seven-tenths of one

percent of the internal surface of the confining volume, and is independent of

the confining volume itself. An Initially quiescent fuel-air mixture burs at

a somehat slower rate and so shoes an even smaller critical vent area that

also Is independen'. of volume.

Critical vent area for a store of propellants is found to depend only on

burn surface of propellant; that is, on the amount, on grain size and configura-

tion--but not on volume of the storage container. Critical vent areas for

stores of a typical cannon propellant and for a ball powder are computed; these

are different but each is proportional to mass of the store6 propellait.
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A limit situation with a propellant is a completely unconfined store;

here surface area of the store is the vent area, and this also is the maxi-

mum available vent area for that store. Mass of propellant in an unconfined

store such that its surface area is also the critical vent area is a critical

mass for that propellant. Stores with a larger mass than this would, if uni-

formly ignited, always explode while smaller stores would only burn relatively

quietly. An equation which predicts this critical mass is derived and a

sample calculation included.
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BLAST ENVIRONMENT FROM FULLY AND
PARTIALLY VENTED EXPLOSIONS IN CUBICLES

Messrs W. A. Keenan & J. E. Tancreto
Civil Engineering Laboratory

NCBC Port Hueneme, CA

INTRODUCTION

The U. S. Army Armament Command (ARHCO). is modernizing ammunition
facilities, Including equipment and protective structures, used in the
manufacture, processing and storage of conventional munitions. Structures
which serve to prevent explosion propagation, damage to material, or
injury to personnel are being designed to comply'with the Army TH5-1300
(Navy N&VFAC P-397) Manual, "Structures to Resist the Effects of
Accidental Explosions." (1]. The manual contains methods and criteria
to establish the output from an explosion in its environment and its
effect on that environment in terms of blast, fragments and structural
response.

In the plant modernization program it was found that the "1(5-1300
manual lacks complete information in chapter 4 .n the blast environment
from partially confined explosions, i.e., expJ'sions in an air space
confined by one or more walls such as cubicles which serve to direct
and control the output from an accidental explosion. Consequently,
Picatimnny Arsenal (Manufacturing Technology Directorate) sponsored
experiments at CEL (Civil Engineering Laboratory) to develop methods
and criteria for predicting the blast environment in and around cubicles.
Ammann and Whitney, Consulting Structural Engineers, New York, under
contract to Picatinny Arsenal, provided technical guidance throughout
the study.

The CEL experiments involved exploding a range of charge weights
inside several 8all-scale cubicles representing various sizes, shapes,
vent araas and charge densities. A four-wall cubicle was tested with a
restricted roof opening of various sizes to provide data on partially
vented cubicles.* Two three-wall cubicles, each with and without a roof,
were tested to collect data on fully vented cubicles.* The charge
weight (W) varied from 0.50 to 3.00 pounds of Composition B 6xplosive,
charge density (W/V) from 0.009 to 0.375 lb/ft3 , and 1zhe degree of
venting (A/V) from 0.010 to 1.00 ft2 /ft3. The blast pressure history
was measured inside the cubicle and outside at scaled distances (R/W1/3)
from 1.42 to 63.0 ft/lbl/ 3. The blast environment was related to scaled
parameters, involving A, V, W and R, in the form of design charts and
equations to aid the designer in predicting the positive and negative

*Distinction between full and partial venting depends on the duration
of gas rressures generated inside the cubicle compared to the average
duration of shock pressures acting on the cubicle walls. If the gas
duration exceeds the shock duration, the partially confined explosion
is classified as a partially vented explosion.
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pressures, duration and impulse outside fully and partially vented
cubicles and the peak gas pressure, impulse, and duration inside partially
vented cubicles. A detailed description of the experiments and analysis
of the -results are contained in Reference 2.

This paper presents and discusses some significant findings from the
CEL study, including a series of design charts for predicting the blast
environment in and around fully and partially vented cubicles, sample
problem solutions which illustrate applications of the design charts,
and the influence of cubicle and charge parameters on safe-separation
distance requirements for those cases where blast environment, not frag-
ments, dictate safety requirements.

CONFINED EXPLOSIONS

Explosions generate pressures from shock waves produced by the
detonation. If the explosion is confined inside an enclosed or partially
vented cubicle. gaseous by-products of the explosion generate gas
pressures, in addition to the shock pressures. The initial shock wave
strikes the walls of the cubicle and is reflected. The reflected waves
produce extremely high blast pressures on the walls, The blast pressures
rapidly decay as the energy in the shock wave rapidly dissipates.

In the sao time period, the gas pressures rise inside the cubicle
to some peak value and then gradually decay as gas temperatures drop and
gas pressures are vented from the cubicle. The peak gas pressure is
characteristically low compared to the peak blast pressure. However,
when the vent area is small, the duration of the gas pressure can be
many times greater than the duration of the blast pressure. If the vent
area is increased, the duration of the gas pressure will decrease. At
so*e critical vent area, the duration of the gas pressure will equal the
duration of the blast pressure. This critical vent area can define the
division between fully and partially vented explosions.

In terms of structural response, the gas pressure pulse can be
far more damaging than the shock pulse, depending on the duration of
the gas pulse, tg, relative to the daratin of the shock pulse, t o . If
t /to 1, the exploslgn is classified as i fully vented explosion and

gas pulse, if any,6 can be neglected in the design of the cubicle.
Figure lb is typical of the pressure pulse inside a fully vented cubicle.
For tg/to - 1, the explosion is classified as a partially vented explo-
sion and both the gas and shock pulses must be considered in the design
of the cubicle. Figure Us Is typical of the pressure pulse inside a
partially vented cubicle. The Importance of the gas impulse increases
with ta/to until at some large value of tg/to, the shock pulse can be
neglected since its energy is insignificant compared 'to that tn the gas
pulse. Therefore, in presenting methods and criteria for blast environ-
ment in and around cubicles, it is useful for design purposes to delineate
between fully and partially vented exploions.
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PARTIALLY VENTED EXPLOSIONS

Definition

The scaled duration of positive pressure measured inside the cqbicles
is plotted in Figure 2 as a function of the scaled vent area, A/W213.
The unshaded data points denote cases where tg V to. The shAded points
denote cases where it appeared that tg i to.

The family of lines shown in Figure 2 connect data points representing
the same value of W/V. The solid lines are straight, parallel and
connect all data points corresponding to tg > to. The dashed lines
connect the data point believed to correspond to t. < to. The dashed
lines are also straight and parallel but their slopes are greater.

Between the ends of the solid and dashed lines is a zone which defines
the transition from tg > to (partially vented cubicle) to tg < to (fully
vented cubicle). There is insufficient experimental data to exactly
define the transition zone but the zone can be bounded. It was discovered
that a line which falls just "below" all unshaded data points is
described by

AIV2 1 3 - 0.21 (1)

Equation 1 is considered a reasonable upper bound to the transition zone
corresponding to t a to. Similarly, a line which falls just "above"
all shaded data pont s is described by

ANV2 1 3  a 0.60 (2)

Equation 2 is considered a reasonable lower bound to the transition zone
corresponding to t 9 to. In other words, the parameter A/v2/30 witha
value some where between 0.21 c A/V2 /3 < 0.60, defines the division
between a fully and partially vente4 explosion, at least for the range
of test parameters. Note that A/V2 /3 is independent of charge weight
and a dimensionless parameter and, thvefore, independent of the physical
size of the cubicle and charge.

To be conservative, it is recommended for design purposes that a
cubicle be considered partially vented if A/V2/3 < 0.60. This criterion
implies, as illustrated in Figure 2, that the practical sizes of three-
wall cubicles with and without a roo( and four-vall cubicles without a
roof are fully vented cubicles (A/V213 > 0.60).

Blast Environant Inside Cubicle

Peak Gas Pressure. The peak gas pressure, pe, measured inside the
test cubeles is piotted as a function of W/V in'Figure 3. The figure
includes experimental data reported in Reference 3 for Copositilr B
charges (0.0016 4 V/V 4 0.0259 lb/ft3) inside a relatively large four-
wall cubicle with a circular vent hole in its roof. The curved line in
Figure 3 in the predicted peak gas pressures using an HOL cosputer
program [41.
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The measured peak gas pressures and NOL predicted values are in
excellent agreement for a degree of venting, A/V < 0.010 ft2/ft3 .
(Similar agreement was found by Proctor and Filler in comparing NOL
predictions with peak gas pressures measured by H.R.W. Weibull for a
wide range of charge to volume ratios, 0.00125 < W/V < 0.287 lb/ft3, but
for relatively small vent areas, 7.6 x 10-6 < A/V < 60 x 10-4 ft2/ft3)
[4). For larger degrees of venting (A/V > 0.010), the data points in
Figure 3 fall well below the NOL curve and for a fixed degree of large
venting, the difference increases with W/V. For example, for points
with A/V - 0.043 and 0.031, the measured gas pressures are lower by 27%
at W/V a 0.0069, 31% at W/V - 0.069, 39Z at W/V - 0.145 and 52% at W/V
- 0.287. Some of the differences may stem from possible errors in
interpreting the measured pressure histories but this source of error
could account for no more than perhaps 20% of the difference.

It is concluded from Figure 3 that pg depends on W/V and, to a
lesser degree on A/V. For A/V < 0.010, venting has no appreciable
influence on pg but for AiV > 0.010 the decrease in pg can be significant,
especially for large values of W/V. Experiments are needed to find the
relationship between Pg and W/V for large values of A/V. Until this
relationship is found, it is recommended that the NOL curve for gas
pressure be used for predicting design loads for A/V < 0.010 ft2 /ft3 and
a value 252 less for A/V ' 0.010 ft2/ft3.

Impulse of Gas and Shock Pressures. The scaled peak impulse of the
gas pressure measured Inside the cubcs is plotted in Figure 4 as a
function of the scaled vent area, A/Wi1. The unshaded data points
denote cases where the total impulse of the gas pressure, ig, far
exceeded the total impulse of the shock pressure, Is.

The family of solid lines in Figure 4 connect data points having
the same value of W/V. The best fit lines are straight and parallel,
at least within the range of experimental data. These lines are
described by

I/W 1/3 S 569 (A/V2/3)-0 .78 (W/V)"0 .38  for A/V213 c 0.21 (3)

Equation 3 has some error because it is derived from impulse data which
include the combined impulse from gas and shock pressures. However, any
error in Equation 3 from this source is considered insignificant since
all dats points originate from pressure-time histories which clearly
show the shock impulse was insignificant compared to the gor impulse.

There is no experimental data to define the exwt shape of the lines
in Figure 4 for 0.21 < A/V2/3 < 0.60. To provide compatability with the
impulse curves in the 1MI-1300 Design Manual for a fully vented cube
the ohape of the dashed lines in Figure 4 were drawn so that at A/V2)3
0.60, the effective duration of the shock pressure, t,. given by

Equation 4-1 of the TM5-1300 Design Manual [1) is equal to the effective
duration of the gas pressure, t8 - 2 1g/pg. By this schee, .the impulse
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curves in Figure 4 provide a smooth transition from a partially vented
cube to a fully vented cube and are compatible with the pressure loading
obtained from the TM-1300 Design Manual for a fully vented cube.

The instrumentation in the CEL experiments did not allow measurements
of the shock pressure impulse. For example, in the partially vented
cubicles the shock impulse could not be isolated from the much larger
Zas impulse. In the fully vented cubicles, where the gas impulse was
insignificant, the shock pressures were too severe for the pressure
transducers. However, Figures 4-17 through 4-62 of the TM5-1300 Design
Manual already contain curves for predicting the average shock impulse
on the wall of a cubicle.

It is recommended for design purposes that Figure 4 be used to
predict Lhe gas impulse for A/V2 /3 < 0.60 and Figures 4-17 through 4-62
of the TH5-1300 Design Manual be used to predict the shock impulse for
any value of A/V2 / 3. A procedure for predicting i for A/V2!3 > 0.60
is not necessary since one will find in using the ibove recommendations
that for A/V2 /3 > 0.60, i < is, t < t o and pg < Pr, i.e. for A/V2 / 3

0.60, the shock pressure pulse completely masks the gas pressure pulse,
and, therefore, dictates the pressure-time design loading for the cubicle.

Duration of Gas and Shock Pressures. The family of straight lines
showu in Figure 2 can be expressed in the form

t /W 1 3 - 2.26 JAW 1/3/V] "0 "86  for AV 2 /3 < 0.21 (4)

to/W 1/ 3  0.664 [AW 1/3V]1" 14  for A/V2 /3 > 0.60 (5)

The term kW1/3/V in Equations 4 and 5 is defined as the scaled degree of
Venting.

Equations 4 and 5 are compared with experimental data in Figure 5.
As expected, the unshaded data points (t > to) fall along the solid line.
(Equation 4) and the shaded data points t8 < to) fall along the dashed
line (Equai'ion 5). The transition zone, defined in Figure 2 by 0.21 <
A/V21 3 < 0.60, falls between these lines and is represented in Figure 5
by a series of reverse curves which are tangent to the solid and dashed
lineG. Note in PAgure 5 that the relative position of the transition
lines depends on W/V. For 0.21 4 A/V2/3 < 0.60, one must enter figure 5
with known values of both AW1/3/V and W1/V to determine the duration of
the positive pressure. It is inportant to note that the duration obtained
from Figure 5 is the duration of the exponentially decaying pressure
pulse.

For convenience in design, the exponential prescure pulse is replaced
by an equivalent triangular-shaped, pressure-time pulse having the same
total impulse. It is recoamended that the effective gas duration, ti, of
the equivalent triangular gas pulse be calculated as
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t;- 2 ig/pg (6)

where ig - Total gas impulse obtained from Figure 4

pg - Peak gas pressure obtained from Figure 3

Further, it is recommended that the effective shock duration, t', of the
equivalent triangular shock pulse be calculated from Equation 4-1 of 4
T5-1300 Design Manual [1].

Blast Environment Outside Cubicle

Personnel or frangible bildings may be located in the near vicinity
of a cubicle containing explksives. An accidental explosion may produce
a blast environment outside the cubicle which constitutes a high hazard
to personnel or an unacceptakle level of damage to the buildings. In 4
this case, it may be necessary to confine and partially vent the explo-
-sion inside a cubicle to reduce the blast environment at some distance
from the charge to a safe level. To accomplish this, the designer must
know the influence of the size and vent area of the cubicle and the
weight and location of the charge on the exterior blast environment at
any range from a cubicle.

Peak Positive Pressure. Pressure data from the CEL tests of partially
vented cubicles can be described, as shown in Reference 2, by Equation 7.

I W /3 37 -R1.582/

ps0  464 W1/3)'  for A/V . 1,0 (7)

Equation 7 describes the leakage pressures from partially vented cubicles
(A/V2/3 < 0.60). However since data from an open-top cube (A/,V2/3 . 1.0)
also fits Equation 7, A/V /3 < 1.0 is given as the limit. Note that
leakage pressures depend on the scaled degree of venting, AWl/ 3/V, and

Equation 7 indicates that pso is more sensitive to R than A/V. For
example, to decrease pa, by say 50%, either R must be increased 55% or
A/V decreased 84.6%. The important point is that the designer can still
"buy considerable distance" by reducing A/V. Where real estate is a
premium, controlling pso by adjusting A/V may be the only solution.

Equation 7 was used to construct the design chart shown in Figure 6.
The chart is useful in selecting the degree of venting needed to limit
the leakage pressure to a safe level at any distance from a partially
vented explosion. It is recommended that Figure 6 be used for design
purposes provided A/V2/3 < 1.0.
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Peak Positive !=pulse. Frequently, blast pressures outside a cubicle
are very short in duration compared to the fundamental period of vibration
of structures located in the near vicinity of the cubicle. In this case,
the blast loading is applied very quickly as an impulse which simply
imparts an initial velocity to the structure. Resulting peak deflections
and the extent of structural damage depend on the peak positive impulse,
is.

In Reference 2, the impulse data from the CEL cubicles was used to
construct the design chart for impulse shown in Figure 7. The chart is
useful for selecting the vent area needed to limit the peak positive
impulse at any range outside a partially vented explosion. The chart
should yield reasonable values of is/W17 3 withinq the range of the test
data, i.e., 0.072 < W/V < 0.289 and 0.008 < AWI/ 3/V < 0.721. For large'
values of AW1/3/V, Figure 7 indicates that is/W1/3 is almost independent
of AW1I/3/V and approaches the value from an unconfined surface burst.
As AW1 /3/V decreases in value, is/W1/ 3 becomes more sensitive to AWl/ 3/V
until for values of AW1/3/V Z 0.02, a given change in AW1/ 3 /V produces
almost an identical percentage change in is/W1 3.

It is recommended that Figure 7 be used for design purposes to predict
the peak positive impulse outside partially vented cubicles.

Duration of Positive Pressure. Most theoretical procedures for
predicting the dynamic response of structures are based on a triangular
pressure-time pulse. Consequently, for design purposes, the actual
pressure pulse with an exponential decay is approximated by an equivalent
triangular pressure-time pulse [1]. The duration of the actual pulse is
replaced by an fictitious duration, t', such that the peak pressure, Pso,
and total impulse, i., of the actual and equivalent pulses are identical.

1;w/3 =2(OT 1/ 3 ) / s  (8)
W 2 (i 5 /Wl 3 )/Pao(8)

Values of to/W11'3 from Equation 8 and measured values of to/W1/3 are
plotted versus R/W1/3, for several values of AWI/3/V, in Reference 2. A
smooth curve through the data points is an s-shaped curve, characteristic
of the relationship for an unconfined surface burst. Measured values of
t0/WI/3 are in fair agreement wiLh Equation 8, except for R/WI/3 < 5 and
very small degreeo of scaled venting. In other words, the exponential
decay in actual pressure is much greater for very small degrees of vent-
ing and scaled distances.

Equation 8 is recomended f q design purposes, except for very small
scale degrees of venting (AIWI /V < 0.01) and scaled distances

( < 5).
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Design Problem

The following problems and their solution serve to illustrate the use
of the various charts for constructing the pressure-timo loadings (shown
in Figure 1) in and around a partially vented cubicle. The first problem
illustrates the case where the gas pressures dominate the loading function.
The second problem illustrates the case for a fully vented cubicle where
shock pressures dominate the loading. 4

Problem 1. A four-wall cube with a hole in its roof contains 17
pounds of Composition B explosive located at the geometric center of
the cubicle. The Jength of each wall is 10 feet. The vent hole in the
roof is 3.0 feet in diameter. (a) Is the cubicle partially vented? -

(b) Calculate the pressure-tlime loading (Figure 1) acting on a wall,
and (c) Calculate the pressure-time loading outside the cubicle at a
point 24 feet from the charge.

Solution. (a) Given W - 17 lb, A - wD2/4 - w(3.0)2/4 - 7.1 ft2

and V -0x 10 x 10 - 1,000 ft3. Therefore, A/V2 /3 = 7.1/(1,000)2/3

= 0.07. Since A/V2 / 3 ,4 0.60, the cubicle is partially vented and gas
pressures must be considered in the loading.

(b) W1V - 17/1,000 - 0.017 and AWI1 3/V - 0.018. From Figure 3,

Pg - 135 psi. From Figure 5 t/W1/3 - 70 or tg- 70(173 . 180
msec. From Figure 4, 1 9/W1/ 2,540 or i. - 2,540(17)1/3 -6,530
psi-msec. For design purposes, the effective d ration of the equiva-
lent triangular load pulse from Equation 6 is t - 21i/p - 2(6,530)/135
-97 msec. From chapter 4 of Reference 1, i/W//3 - 08or is-
200(17)1/3 - 514 psi-maec. From Equation 4-1 of Reference 1,
t;/W1/3 - 1.3 or t; - 1.3(17)1/3 - 3.3 msec For design purposes,
the fictitious peak shock pressure is Pr = 21/to - 2(5014)/3.3 - 311
psi. The calculated pressures, impulses and time durations apply to
the load diagram shown in Figure la.

(c) Given R - 244 ft and AW 1/3/V a 0.018. Therefore, R/W1/3
24/(17)1/3 - 9.4 ft/lbl/3 From Figure 6, pan - 3.0 psi. From
Figure 7, is/W1/3 - 2.4 or is 2.4(17)1/3 - 6.16 psi-msec. From
Equation 8, the effective duration of the equivalent triangular pulse
is t' - 21s/pso - 2(6.16)13,0 w 4.1 visec. the calculated pressures,
Impulses and time duration apply to the load diagram showu in Figure lb.

Problem 2. The vent hole in the roof of the cubicle described in
Problem 1 is increased to 8.75 feet in diameter. (a) Is the cubicle fully
vented? (b) Calculate the pressure-time loading acting on a wall.

Solution. (a) Given D - 8.75 ft. Therefore, A - wD2/4 U

1(8.75)2A a 60 ft2. V - 1,000 ft3. Therefore, A/V2/3 - 60.(1,000)2/3
w 0.60. Since A/V2 /3 ; 0.60, the cubicle is fully vented and no gas
pressure must be considered in the eesign loading, as confirmed by
the following calculations.
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(b) W/V - 0.017 and AWI/3/V - 60(17)1/3/1,000 - 0.157. From
Figure 3, p - 135 psi. From Figures 5, t ,/Wl/ 3 - 5.6 or tg
5.6(17)1/3 1 14.4 usec. From Figure 4, '/W/ 87 or i-
87(17)1/3 = 223 psi-msec. ror design purposes, from Equation 6, the
effective gas duration is t' - 2i/p = 2(223)/135 - 3.3 msec. From
Equation 4-1 of Reference 1, to1/WT/3m .3 or to - 1.3(17)1/3 - 3.3
msec. For design purposes, the fictitious peak shock pressure is
Pr uk 2is/t' - 2(10)/3.3 - 311 psi. Note that t > t' but t'
and therefore the cubicle is fully vented as iuficated by t~e calcu-
lations in (a). The calculated pressures, impulses and time durations
apply to the load diagram shown in Figure lb.

FULLY VENTED EPLOSIONS

According to the CEL criterion, an explosion is fully vented if
A/V2/3 > 0.60. Within the practical range of aspect ratios, three-wall
cubicles with or without a roof satisfy this criterion. But the TMS-1300
Design Manual already contains charts for predicting the pressure loading
inside three-wall cubicles [1]. Therefore, the following discussion of
fully vented explosions is limited to procedures for predicting the blast
environment outside three-wall cubicles.

Blast Environment Outside Three-Wall Cubicles

Consider a charge detonated at the geometric center of a three-wall
cubicle without a roof. The expanding shock wave and resulting reflected
waves eventually produce an erratic train of shock waves escaping to the
outside of the cubicle by passing unobstructed through the open front wall
and roof and by spilling over the top of the side and backwalls.

At poirts outside the open front wall, the train of waves quickly
merge tu reinforce the shock front and the peak pressure and Impulse, at
essentially any range, exceed those from an unconfined surface burst. A
typical relationship for peak pressures outside the open front wall is
shown in Figure 8.

At points behind the side and backalls, the wave train, by spilling
over the back and sidewalls, forms a highly turbulent vortex at the free
edges of the walls. At first, the vortex is small but rapidly grows in
size with time. Evidence that a vortex indeed forms behind a barrier
wall and grows to considerable size is shown in a study by Teel (5]. The
vortex apparently distorts the shock front because the peak pressure and
impulse at points close-in to the cubicle are much less than those from
an unconfined surface burst. A typical relationship found for peak
pressures behind a sidewall is shown in Figure 9. Note that at a cricical
distance from the wall, depending on the charge weight und cubicle
geometry, the peak pressure (and Impulse) is maximum and beyond this
critical distance the peak pressire (and impulse) decreases with in-
creasing scaled distanca. The pressure corresponding to the peak in the
pressure curve (Figure 9) is referred to as peo(max) and the portion of
the curve to the right of the peak is referred to as the euvelope curve.
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Peak Positive Pressure. Envelope curres for the measured peak positive
pressure, pso, behind the front, back and sidewalls of the three-wall
cubicles, with and without a roof, are shown in Figures 10 and 11, respec-
tively. At all scaled distances, pso is greatest behind the front wall,
less behind the sidewalls and least behind the backwall. The curves apply
to both cube and rectangular shaped cubicles.

The maximum peak pressure, pso(max), was found to depend on both the
cubicle geometry and W/V, as shown in Fitgure 12. The peak positive pres-
sure, Pso, from Figures 10 and 11 must never exceed pso(max) from the
appropriate curve in Figure 12. Consequently, Figures 10 and 11 must be
used in conjunction with Figure 12, eipecially for small values of R/W1/"
and W/V where one will find that pso(max) from Figure 12 is less than pso
from Figures 10 and 11.

It is recommended for design purposes that Figures 10, 11, and 12 be
used to predict the peak pressure at any range outside three-wall cubicles
with or without a roof.

Peak Positive Impulse. The scaled positive impulse, is/W1/3 , behind
the walls of a three-wall cubicle diminishes with increasing R/WI/ 3 in a
manner similar to that shown in Figures 8 and 9 for peak pressure. The
impulse data shows a clear influence of cubicle geometry and W/V on
is/W1/3. For peak pressuzes, W/V effected ps0 only at close-in ranges
but for peak impulse, W/V was found to influence i;/W1/3 at all ranges.
Zor both cube and rectangular shaped three-wall cubicles, is/W1/3 decreases
with increasing W/V and R/W1/ 3.

Design curves and equations to predict is/W 1 /3 are presented in
Reference 2. Typical relationships derived from the data include the
following.

*Behind the open front wall of a cube shaped cubicle,

:Isl 1/3 - 10 (w/V)-0"16 (R/W/3)"1.0 5  (9)

for R/W1/3 -> 7 and W/V e 2.1.

Behind the open front wall of a rectangular shaped cubicle,

isl8 1/3 - 96.6 (W/V) "0 "15 (R/W1/3 )"1"04  (10)

for R/W/ 3 > 10 and W/V * 1.0.

Behind the sidwalls of both the cube and rectangular shaped cubicles,

: ./* / - 71 (W/V) "° ' 0 9 (R/1/ 3) 0 '9  (11)

for R/W1/3  20 and U/V < 1.0.

Behied the backwall of the cube and rectangular shaped test cubicles
there was no clear trend in the Umpulse data or clear influence of W/V
or cubicle geometry.

1536



The lines described by Equations 9, 10, and 11 are nearly parallel
to the curve for an unconfined surface burst. Therefore, a critical
value of W/V exists, according to the equations, such that I /WI1/ 3 out-
side the cubicle is identical to that from an unconfined surfze burst.
For any W/V greater than this critical value, the line relating is/W1/3
and R/W1/3 should fall, it seems, on the unconfined surface burst curve.
For this reason, an upper limit for W/V is given for Equations 9, 10 and
11.

At small scaled distances, the i8/W 1/3 curves bend over and peak out
in a manner similar to the pso curves. For points close-in behind the
open front wall, the curves bend over and tend to merge with the uncon-
fined surface burst curve. This trend is attributed to the shock waves
reflecting off the side and backwalls which have not yet reached and
reinforced the primary shock front. Behind the side and backwalls,
impulse curves bend over and peak but there appears to be no consistent
relationship between the peak and W/V or the cubicle geometry.

It is recomended for design purposes that Equations 9, 10, 11 and
similar equations end charts for impulse presented in Reference 2 be
used to predict the peak positive impulse outside a three-wall cubicle.

Duration of Pressure. No detailed analysis of to/w1/3 was made
(although the data is tabulated in Reference 2) but a correlation of the
data indicates that (1) t /W1/3 increases with decreasing W/V, (2) the
influence of W/V on t0 /W173 diminishes with increasing R/W1/ 3 , and (3)
at large R/W 1/3, the effect of W/V is negligible and to/W1 /3 approaches
that from an unconfined surface burst.
9 It is recommended for purposes of design that the effective duration,

to, be calculated from Equation 8.

Design Problem

The following problems and their solution serve to illustrate the
use of the various charts for constructing the'pressure-time loading,
nhown in Figure 1b, outside a fully vented cubicle.

Problem 1. Design a three-wall cube without a roof to contain 125
pounds T position B explosive. The pressures any where behind the
back and side walls must not exceed 10 psi. (a) What vail dimensions
are required? (b) What will the peak pressure be behind the side, back
and front walls at a range of 200 feet?

Solution. (a) Given W w 125 lb and po(max) w 10 psi. From
line A In Figure 12 the required W/V - 0.017 or V w 125/0.017 -
7,350 ft 3. For a cube, L - V/3 - (7,350)1/3 - 19.4 ft. Therefore,
the length and height of the side and back wals must be 19.4 ft.

(b) Given R - 200 ft, W m 125 lb, and V a 7,350 ft3. Therefore,
,.W/ a200/(125)1/3 - 40 and W/V - 0.017. From Figure 10, pso

1.0 psi behind backwall, 1.5 psi behind sidewall and 1.8 psi behind
open front wall.
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Problem 2. A rectangular-shaped, three-wall cubicle contains 3,375
pounds of Composition B explosive. The ground surface is flush with the
floor (h - H) and the walls are 10 feet high. The lengths of the side

and back walls are 20 and 40 feet, respectively. Calculate the design
loading (pso, is, and t;) for a point 300 feet from the charge behind
the sidewall.

Solution. Given W - 3,375 lb, V - 10 x 20 x 40 8,000 ft3,

and R - 300 ft. Therefore, R/W1/3 - 300/(3,375)1/3 - 20 and W/V -
3,375/8,000 - 0.42. From Figure 10, pso - 5 psi. From Equation 11,
is/W1/ 3 - 71 (0.42)-0.09(20)-0.95 w 4.46 or is = 4.46(3,375)1/3 =
66.9 psi-msec. For design purposes, the effective duration of the
pressure from Equation 8 is t; - 2(66.9)/5 - 26.8 msec.

PROPOSED DESIGN CRITERIA

Design criteria for predicting the loading in and around fully and
partially vented cubicles are summarized in Tables 1 and 2. The design
criteria for the loading inside fully vented cubicles are compatible
with procedures recommended in the TM5-1300 Design Manual [1]. Design
criteria for the loading outside cubicles are limited to h - 0 for four-
wall cubicles and h - H for three-wall cubicles. (A semi-empirical
procedure is described in Reference 2 for estimating the blast environ-
ment for other values of h.)
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LIST OF SYMBOLS

A Total vent area of the cubicle (ft2 )

D Diameter of charge or opening in roof (ft)

h Vertical distance from top of cubicle roof, .wall or pipe
stack vent down to the grd)und surface or horizontal plane
of nterest (ft)

H Interior height of cubicle wall from floor to roof (ft)
is  Unit positive impulse of shock pressure (psi-msec)

ig Unit positive impulse of gas pressure (psi-msec)

L Length (ft)

Pg Peak positive gas pressure (psi)

Pr Peak reflected shock pressure (psi)

Pso Peak positive incident pressure (psi)

pso(max) Maximu peak positive pressure (psi)

R Horizontal range from charge to point of interest (ft)

R' Skew range from charge to point of interest (ft)

tg Duration of exponential decay in gas pressure (msec)

tg Effective duration of gas pressure (usec)

to Duration of exponential decay in shock pressure (msec)

to, Effective duration of shock pressure (msec)

!t Thicknes of cubicle wall (ft)

V Internal volume of cubicle (ft 3 )

W Total weight of explosive (Ib)
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PERSONAL ASPECTS OF PUBLIC AFFAIRS

Mr. J, J. Foley
HQ, US Army Materiel Comand

Alexandria, VA

When the Ary started to plan Operation CHASE (cut holes & sink 'em)

in 1968, - some reaction was expected. The sheep kill in Utah had raised

quite a fuss and the adtission that nerve gas was 'stored on Okinawa got a

lot of attention in 1969. - But no one was prepared for the depth and breadth

of the public's reaction to CHASE.

After all, ocean duimps had been made many times before and aroused

little or no comment. In fact, - since 1964, - ocean dumping had been the

Army's preferred method of disposal.

However, the Army's 1968 plan to transport chemical agents and

amitioms from several inland depositories by train to a seaport for trans-

fer to a hull which they would be towed out says and sunk by the Navy, -

stirred up a storm that wouldn't die. It's intensity caught everyone by

surprise.

After two years had passed and all interested parties had cleared

the plan, the Army moved two trainloads of obsolete chemical namitios

through hostile territoy. Despite the worst fears of its severest critics,

all went well.

Interesting and successful as Operation Q]ASE was, I did not choose

it as the anchor for my remarks today for those reasons. I chose it

because, in W mind at least, it represented a watershed in the way

govenwment relates to people. The lessons learned during 1968, 69 wd 70,
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when public outrage was at its highest, are universally applicable not

only in handling subsequemt government actions but those undertaken by

private industry as well.

People from General Motor, for instance, who wider-rated the impact

of Ralph Nader, are aware of theu, so are the people who fronted for

(nassis in New Hampshire when he decided to build an oil refinery there; so

are people in the Atomic Energy Comission who planned a string of low-.

cost, privately operated nuclear power generating stations.

Something basic changed in American life during the 1960's and early

1970's and we who work in the public affairs trade, and those who hire and

pay us, should examine this change carefully. Many observers will agree

that aroused public opinion stopped a war, ended the careers of two

* presidents, turned the automobile business upside down, and continues to

challenge the status quo with ippressive success.

Putting away this broader consideration for the ment, I'd like

to discuss Operation CiASE in its role as a watershed public affairs

case -- the first of its kind.

It was the first Ayi/ action to fall under provisions of the 1969

National Environmantal Protection Act (NEPA) which directed that each

Federal agency contemplating an action affecting the quality of the hwiAn

environment should prepare and coordinate with all interested parties a

paper describing the proposed action wad smiarizing its environaental

impact and adverse environmental effects. The 'Viiterested parties"

included all Pederal, State and local agencies havinrg jurisdiction or

special exertise.. .including public bodies.

1554



In the uptight atmosphere of 1969, you can just image the comments

on the Operation CHASE impact statement. Of course, these caments were

in the public domain and this brought public affairs officers into a jungle

of new tednical, legal, administrative and pathological tems with which

they were unacquainted. They began to learn.

In adcition, Operation CHASE was one of the first major Amy actions

taken under the Freediom of Information Act, signed by President on the

fourth of July 1966 to be effective a year later. More prosaically, the

President signod a piece of legislation amending Section 3 of the Admin-

istrative Procedures Act which denied to individual agencies the right to

handle their own files in any way they deen proper.

The Attorney General attempted to ease the implementation of this

new openness by issuing a memorandum dated June 1967 setting forth sane

guidelines. The key ones read as follows:

.. ,that disclosure be the general rile, not the exception;

... that all individuals have equal rights of access;

... that the burden be m the govermnt to justify the withholding

of a document, not the person who requests it;

... that individuals improperly denied access to dommnts have a

right to seek injunctive relief in the courts; and

... that there be a change in goverment policy wdl attitude.

"At the swe time"...the Attorney General comtimzed. . ."this law

gives assurance to the individual citizen that his private rights will not

be violated. 1he individual deals with the govenrmrmt in a nUber of pro-

tected relationships vhich could be destroyed it the right to know were

not oidulated by principles of caffidentiality and privacy. &ch materials

as tax reports, medical and persomel files, and trade secrets inst remain

outside the zone of accessibility."
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Although the press was slow to use OIU, as it came to be known,

other parties were not. By 1969, the Cnsumers Union had taken the Veterans'

Administration to court over the release of brand nmes of products tested

prior to proaurement. Since then, other Federal agencies have been taken

to court. They include the Securities Exchange Couission, the Renegotiation

Board, the General Services Adainistration, the Federal Trade Caission,

HiD, the National Labor Relations Board, the Department of Justice, the

Environmental Protection Agency, the Department of Transportation, the

Federal Cammications Commission, and the Selective Service System. You

name one, its been sued, and the juigmnt probably has gone against the

goverment.

Defense and Army regulations implementing the 1)1 reflected these

guidelines. If a record was unclassified, out it went, and not through

the public affairs office, either. Gone were the days when a publication

could be reviewed by layers of headquarters staffs before a decision would

be readwd for or against release.

Public affairs officers now ast respond to press queries arising

frm doctments they have rever seen or heard of before...and lack the

scientific background to evaluate. Requests for all kinds of dwmical/

biological recrds cae in beginning in 1967 and 1968. Sme papers dated

back to World War I, saw concerned World War II, Korea and Vietni. ?ore

and more of this type of information was released into the public damin

by operational staff members rather than public information officers. In

m, cases, the raw mterials contained in these released recordn served

to feed protest movements and make disposal progrms similar to Oat3 that

suh more difficlt to exeute.
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In addition to the complicating effects of NEPA and FOI, other

events occurring aroind the same time also contributed to a hostile public

environment. Of these, Vietam and all its sorrows, - played by print

and television to a fare-the-well, - sensitized all who read and viewed

and in the end overwhelmd all. A look through the New York Times Index

for those years of (HASE, - 1968-9 and 70, - is substantiating. It is

recomended to all who would learn from the past.

Rarely does one look up frcm day to day activities in order to

ascertain the sweep of events over time and thereby place man and his

duty in perspective. A scanning review of these indexes con be helpful

in such an effort as the following selected excerpts indicate:

In 1968 when GAM was in its initial planning phase, the troop

strength in Vietnam hit its top, 540,500. President Johnson withdrew

from comsideration for nomination after Gene McCarthy took forty percet

of the vote in the New Hampshire primaries. Approxmtely forty-five

hundred sheep were killed by lethal gas during testing in Utah. Robert

Keny joined McCarthy in a race for the nminatio and was assassinated

in Los MwleS.. Martin Luther King was assassinated in Medohis. Ralph

Abernathy led his people into Resurrection City along the Mall in Washingtan,

VC. The Democratic National Convention turmed into a shables in Chicago

and Coluwbia University exploded.

During 1968.. .the new President started to withdraw troops from

Vietna. 2SO to 300,000 people dnwxstrated in Washingtm against the

war. An incident involving twmty-three persons on inma revealed

pieaco of nere gas %erseas. The President issued his prclation

against aggressive dnaical warfare. On the whole, it wasn't too bad a

year. Things seeed to be settling dam.
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But the first six xmths of 1970 turned grim. People in Seattle

demnstrated cnviz-.ingly against receipt of nerve gas shipments fron

overseas. LTG Peers released his report on Sepny. US officials admitted

that the Vietnam defoliation program might not be as 'armless as previously

=munced. Millions of wricans celebrated "earth day ' in April. In May,

the President sent troops into Cambodia and hell broke loose. The tragedy

at Kent State followed. College cmuses all over the country reacted

strongly. 75 to 100,000 demonstrated in Washington. The Senate voted 81

to 10 to repeal the Tonkin Gulf Resolution. In Akgust, the F0C held that

the President had used television to such an extent in defending his war

policies that networks now must make prime time available to his critics.

An on ad oan .o.

Well, this is enough to sketch out the state of the public mind

%en the ArW decided to makb another routine ocean dump of soe old leakers.

But the Amy and all the rest of government learned that the public

no longer considered routine ocean duping routine any mKre. Nor was it

going to accept as inevitable persxal risk, unsafe cars, dangerous working

conditions , radioactive nclear generating plants. Nor would it accept as

inevitable etviramental deterioration of seacoasts, tiaberlands, rivers,

coal fields.

Coevreat public affairs officers had to re-learn sawthing all

had I , and perhops had forgotten: their power to mipulate public

opinion is highly overrated. An arused public bnshes asdWe wtyme or

anything starting in its path, right, wrog or mybe.
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The volatility of the Vietnam war years has passed and most of the

physical demonstrations have ended but the one lesson has once again been

established beyond a question of a doubt: the people have the ultimate

pcwer to effect change. The Freedom of Infornation Act and the National

Environmental Protection Act are only the forenmers of a body legislation

that seeks to equalize the legal position of the constmr with that of the

supplier, casting the governmnt in the role of an honest broker between

the two.

So' in supporting his management, the modern public affairs officer

now must bring information about the public in before he creates information

to go out.

The film that follows illustrates this public affairs approach.

The responsible Axm public affairs officers trium ,ed over innurberable

difficulties in planning, coordinating and executing Operation OASE.

They did an excellent job of briefing all who had the need to know, all

who demwxe to know, all %ho just wanted to know, before any movemont

took place.

And then, when everyow was onborud, the ArW demostrated its

operatimal skills by executing an extreely difficult logistics movement

with a ptofessinal om that drew the athiring com ts from its severest

critics.

Niw...the film. (Available an request to DAIO.)
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